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Introduction 


This report discusses the lesults of a joint study 
conducted by the Laboratory for Applications of Re- 
mote Sensing (LARS), Purdue University and the 
Institute of Arctic and Alpine Research (INSTAAR), 
Univeisity of Colorado The purpose of the study was 
to test the applicability of computer-aided analysis 
techniques (CAAT) to identify, classify, and map 
major cover types in the Coloiado Rocky Mountains, 
using ERTS-1 multispectral scanner data Emphasis 
was placed on developing and testing analysis tech- 
niques that would be useful for effectively process- 
ing satellite collected MSS data The ultimate goal of 
such analysis techniques was to prepare maps and 
tabular information applicable to resource manage- 
ment needs 

Pievious work at LARS had proven the value of 
using computer-aided analysis of remote sensing data 
for resource inventories (Anuta, 1970, Hoffer and 
Goodnck, 1971, MacDonald et al } 1972, Coggeshall 
and Hoffer, 1973, Todd et al > 1973), but most of this 
work had been restucted to areas of minimal topo- 
graphic relief LARS lesearcheis believed that varia- 
tions in slope and aspect would significantly affect the 
analysis of ERTS-1 data collected over mountainous 
ten am. 

Since user agencies have emphasized the importance 
of defining the conditions under which such satellite 
data could be utilized on an operational basis this is 
lelevant information because important forest, water, 
and geologic resources of the United States are found 
m areas of mountainous terrain LARS/INSTAAR re- 
search was designed to focus on utilization of ERTS-1 
multispectral scanner data for a test site in which 
topogiaplnc parameteis could influence spectral re- 
sponse If computer-aided analysis techniques which 
use satellite collected MSS data are to provide this 
operational capability, then the circumstances and 
^ conditions under which these techniques can be 
effectively utilized must be undei stood We believe 
that the results of this study have provided a signif- 
icant step toward our understanding the operational 
limitations and capabilities of multispectral scanner 
data obtained from a satellite 

BACKGROUND 

This research was developed from a coopeiative 
piogram between two independent reseaich activities 

1. The development of i emote sensing technology, 
particularly die applications of computer-aided anal- 
ysis techniques to multispectral scanner data, at the 


Laboratory for Applications of Remote Sensing 
(LARS), Purdue University, and 

2 the environmental field woik of the Institute 
of Arctic and Alpine Research (INSTAAR), the Uni- 
veisity of Colorado, whose work is aimed at mci eas- 
ing the undei standing of natuial processes operating 
m alpine and sub alpine eco-sys terns of western Colo- 
rado 

The combination of the remote sensing expertise 
at LARS, and the alpine and subalpine experience 
at INSTAAR made an extremely strong scientific 
team, especially suited for the analysis evaluation of 
ERTS data Results indicate that neither group would 
have made significant pi ogress if they had worked 
independently 

Traditionally, lesource managers have been con- 
cerned with the spatial distribution of resources over 
large geogiaphic areas A major need of many man- 
agers has been for a regional resource inventory. 
Such an inventoiy necessitates the identification, de- 
scription, classification, and mapping of the var- 
ious component lesources Caiefully compiled region- 
al inventories aie useful to land managers for making 
sound decisions Howevei, a difficulty arises m assess- 
ing the extent of the various land use classes, partic- 
ularly when there aie significant changes in the 
characteristics of the giound cover during shoit pe- 
riods of time We believe that computer-aided analysis 
techniques applied to ERTS multispectral scanner 
data offer particular promise in attempting to map 
changes in ground cover conditions over large geo- 
graphic aieas 

Central Colorado is typical of many western states 
in terms of its water, forest, range and recreational 
resources. Water for much of the southwestern United 
States is centered around runoff m the upper moun- 
tain watersheds of the Colorado Rocky Mountains. 
This water is necessary for industry, public consump- 
tion, and irrigation Accurate information about 
changes in snowpack and snow density is necessary if 
runoff estimates are to be obtained in a more accurate 
and economical manner than is now possible We be- 
lieved that computer-aided analysis techniques, ap- 
plied to ERTS-1 data, would be particularly useful 
m cases involving the periodic mapping of snowpack 
areas. 

Foies t resources in Colorado comprise an important 
part of the economy of both the State and Federal 
governments In addition to being an important sup- 
plier of wood fiber they offer potential for wildlife 
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and recreation Forests aie a prime factor in the mam 
agement of watersheds and the production of water 
Resoul ce manageis have a need for cuirent accurate 
information in order to be able to develop manage- 
ment models for the region ERTS-1 piesented a basis 
for gathering this information 

As an aid in accuiately identifying land use cate- 
gories,, we felt that an important part of this leseaich 
should include a study of the effects of topogiaphy 
on spectral response The characteristic ruggedness 
of the terrain (a factor which makes ground suivey 
difficult), also affects the ability of computer-aided 
data processing and analysis techniques. The effect of 
topography on spectral response as a function of cover- 
type was not well understood However, the unique 
quality of the ERTS-1 MSS data and the availability 
of ground data for the San Juan Mountains made 
such a study feasible. 

OBJECTIVES 

This intei disciplinaiy lesearch activity was designed 
to test the applicability of digital computer-aided 
analysis techniques to identify and classify major cover 
types in selected test sites of the Colorado Rocky 
Mountains using ERTS-l multi spectral scanner data 
The results from these procedures would allow maps 
and tables of acreage estimates of the various cover 
types to be obtained Five major phases of the re- 
search were defined 

© An Ecological Inventoiy, involving forest cover 
and alpme cover mapping. 

© A Hydrological Feature s Sur vey, including snow 
cover mapping, and temporal changes in the snow 
cover 

• A Geomorphological Features Survey, centered 
on land-foim mapping, and including avalanche and 
landslide hazard delineation, and alpine soil moistuie 
and permafrost mapping 

© Interpretation Techniques Development, involv- 
ing terrain modeling and shadow effect assessment, 
and the impact of tenain on spectral response. 

• Evaluation of Data Collection Platform (DCP) 
capabilities and perfoi mance in an alpine envnon- 
ment 

In conjunction wifli these applications objectives, 
another key objective involved the development, re- 
finement, and evaluation of data processing and 
analysis techniques required to utilize ERTS-1 multi- 
spectral scanner data This project involved seveial 
major efforts, the results of which are described m 
detail in the following sections. However, to provide 
a buef overview of the many aspects of this work, 
general evaluation of the major accomplishments of 
this ERTS-1 lesearch effoit is piovided in the follow- 
ing paragraphs 


GENERAL PROJECT EVALUATION 
Ecological Inventory 

Development of a new analysis technique (involv- 
ing a refinement of the existing proven analysis meth- 
od) was an important facet of this portion of the 
experiment Pievious analysis techniques were cen- 
teied around manual training field selection (referred 
to as supcwised) and machine-aided training field 
selection (or non-supei'vised) Because of the irregular 
boundaiy characteristics of the areas involved and the 
highly variable spectral characteristics of the cover 
types, a modified analysis technique involving a com- 
bination of supervised and non-sup ervised pioceduies 
had to be developed This procedure has continued to 
be developed and tested thioughout the course of this 
lesearch We believe a reasonably effective appioach 
has been defined that will maximize the efficiency of 
analysis of MSS data. The details of this approach 
will be discussed in a later section under the Ecolog- 
ical Inventory portion of this leport 

The definition of type mapping criteria suitable 
for woik with satellite scanner data developed into a 
moie difficult task than originally anticipated Tiadi- 
tional methods used m mapping forest species have 
been developed to meet timber management require- 
ments and do not necessarily reflect the spectral 
composition of the species being mapped In oidei to 
accuiately assess the capability of computer-aided 
mapping of ERTS-1 data, a diffeient approach had 
to be developed 

Experience showed that the development of this 
appioacli lequired good quality small-scale aerial 
photography The high-altitude color infrared pliotog- 
lapliy obtained by NASA was most beneficial in 
developing the vegetation mapping criteria Many 
pouions of the San Juan test site had no photographic 
data available; theiefore, NASA photography was es- 
sential for successful completion of the project. How- 
ever, delays in acquisition of aerial photography 
hampeied progiess in tins aiea during the early and 
vitally impoitant phases Although a complete under- 
flight with the NASA WB-57F aircraft had been re- 
quested for the San Juan site for the summer of 1972, 
delays in the contract negotiations lesulted in delays 
of the an ci aft coveiage The lesult was that color 
infrared aerial photogiaphy for the test site could 
not be obtained under snow-free conditions until the 
summer of 1973, and much of the mapping and the 
field work lequired for checking the cover type maps 
could not occur on schedule. 

The field season in these high mountain aieas is 
short Therefore, timing for the sequence of obtaining 
aenal photogiaphy, interpreting the photography, 
checking cover type maps, and carrying out the classi- 
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fication and mterpietation phases of the research be- 
came extremely critical 

Classification lesults indicated that a Level 1 cover 
type classification (involving deciduous and conifeious 
forest cover, agncultuial land, alpine areas water, 
exposed soil and rock and snow) could be obtained 
with a reasonably high degree of accuracy (SO-85%) 
Even in these aieas of mountainous terrain we be- 
heve this result is of major significance, since this was 
the first time that computer-aided analysis techniques 
have been successfully applied to satellite MSS data 
from this type of test site However, a Level 2 classi- 
fication (involving individual forest cover types) re- 
sulted m a much lowei classification accuiacy (55- 
65%) We believe that analysis techniques which 
account for topographic variability will have to be de- 
veloped before a satisfactory degiee of accuracy can be 
obtained for Level 2 cover types However, we do 
believe that such analysis techniques can be developed, 
and that they will allow an adequate perfoimance to 
be achieved 

Detailed statistical analysis of the interaction be- 
tween spectial response of different forest cover types 
and the density, slope, aspect, and elevation of the 
forest stands indicated that ail of these variables 
significantly influence the spectial response as meas- 
ured by ERTS. 

Hydrological Features Survey 

The ability to utilize ERTS MSS data in conjunc- 
tion with computer-aided analysis techniques pioved 
to be very effective m mapping the areal extent of 
snow cover providing that cloud-free data could be 
obtained The digital format of the data and an ap- 
propriate conveision factor (1 12 acres per lesolution 
element) allowed rapid summarization of the acreage 
of the snowpack for selected aieas of interest — either 
individual watersheds or quadi angles, or other speci- 
fied areas 

In addition to the capability for rapidly mapping 
the areal extent of snow cover, a computer progiam 
was developed to allow seveial sets of ERTS data to 
be digitally overlaid to create a spectral /temporal data 
tape During this investigation, one analysis sequence 
on the Animas watershed involved the creation of a 
24-channel tape, composed of four channels of ERTS 
data from each of six different dates, obtained during 
the 1972-1973 winter. Computer analysis of this data 
allowed rapid assessment of the temporal changes m 
the areal extent of the snowpack, in eithei percentage 
or acreage figures Unfortunately, several other data 
sets during the major spiing lunoff period were un- 
usable due to cloud cover conditions 

The detectors m all four wavelength bands tended 
to saturate when either cloud or snow cover were en- 


countered in the scan sweep Therefoie, a reliable 
diffeientiation between these two cover types with 
the ERTS data cannot be made when only the 
amplitude of the signal is relied on. In many cases 
manual interpretation of the data can differentiate 
between snow and cloud cover because of the shadows 
associated with the clouds. (Preliminary analysis of 
S1CYLAB data indicates that the use of middle in- 
frared channels would resolve this problem since 
clouds aie highly leflective m the middle infrared 
[1 5-1 8 or 2 0-2 6 micrometeis], and snow cover has a 
very low leflectance in these wavelength bands) 

A veiy low spectial response resulted from water 
bodies as well as topographic and cloud shadow aieas 
In many cases reliable separations between aieas in 
shadow and bodies of water cannot be made Detailed 
analysis of spectral characteristics on a number of data 
sets chd indicate that such separation would be pos- 
sible m the visible wavelength, particularly the green, 
but that the mfiared wavelengths did not allow any 
distinction between water and shadow areas In many 
cases this indicated that seveial wavelength bands 
were tending to cause confusion in the classification 
results, and that emphasis needed to be placed upon 
the shorter wavelengths to allow adequate sepaiation 
of these aieas 

The areal distribution of water bodies can be 
mapped with a reasonable degiee of accuracy with 
ERTS data Lakes and ponds as small as two acres can 
be identified with a reasonable degiee of reliability. 
However, the spatial resolution of ERTS caused an 
edge effect around the water bodies which had to be 
accounted for to pi event the acreage estimate for 
surface water fiom being too low Techniques for 
handling this edge effect phenomena have been de- 
veloped, using data fiom both Colorado and Indiana 
(in conjunction with ERTS Wabash Valley project) 

Cloud cover conditions over the selected test sites 
during several of die ERTS passes limited the amount 
of data available for studying the temporal freeze 
and thaw sequence of mountain lakes However, the 
analysis did indicate that ERTS data could be utilized 
effectively for monitoring the freeze and thaw se- 
quence of mountain lakes, and that the sequence is 
indeed closely related to the elevation of the water 
bodies involved The 18-day cycle was not frequent 
enough during the critical portions of the year to 
allow the freeze- thaw sequence to be studied effec- 
tively. 

Geomorphologkal Features Survey 

Geomoiphic analysis of die data indicated that 
there is a strong correlation m many aieas between 
vegetative cover and the geomorphical features of 
interest. Therefoie the vegetative cover pioved to be 
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a good indicator of the significant features for the 
geologist involved in the study 

Results of the study also indicated that the synoptic 
view provides an invaluable source of information 
which could not otherwise be obtained This result 
has been shown many times by other investigators 
woiking with ERTS data, and our investigations cer- 
tainly support this view Use of the computer to en- 
hance many of the spectral characteristics of the data, 
followed by manual interpretation of the spatial fea- 
tures piesent m the ERTS data, proved to be an 
extremely effective approach to obtain geomorpliic in- 
formation from the ERTS data A great deal of man- 
ual interpretation of the computer-aided results was 
essential to achieve satisfactory results in the geomoi- 
phic analysis of the ERTS data, and a simple classifi- 
cation of the spectial characteristics of the data did 
not provide an adequate final result This indicates 
that a careful consideration of the interactions be- 
tween spectral, spatial and temporal data must be 
made, and that appreciation of the spectral character- 
istics of the data will provide only a portion of the 
information required For geomorphical mapping, the 
spatial features play a very impoi tant role in develop- 
ing satisfactory final pioducts 

Interpretation Techniques Development 

A model to utilize computer progiams that map 
shadow aieas foi any solar elevation and date was 
developed and tested. These programs have a great 
deal of potential in helping to alleviate some of the 
shadow water spectial interaction difficulties encoun- 
tered Techniques to account for the interactions be- 
tween topographic relief and spectral response were 
developed furthei. 

Data Collection Platform 

The testing of the data collection platform in an 
alpme environment indicated that such procedures 
could be utilized effectively to produce reliable data 
from extremely maccessable locations having veiy 
adverse weather conditions during some months The 
DCP performed veiy satisfactorily However, again 
the 18-day cycle of ERTS-1 proved inadequate to 
piovide the continuous flow of mfoimation required 
for many aspects of studies involved in monitoring 
climatic conditions m alpine locations 

Data Handling and Analysis 

Many different analysis capabilities were developed 
during the course of this and related investigation 
These techniques were essential to successful com- 
pletion of several phases of this research, so are sum- 
marized separately here They are discussed in more 
detail only under the Ecological Inventory Section of 


this report Four key developments in data handling 
and analysis capabilities are. 

• A procedure to rotate, deskew and geometrically 
scale the multispectral scanner data from ERTS-1 
was developed in conjunction with the ERTS Wa- 
bash Valley project Results of this procedure allow 
pioduction of a cartograpliically corrected 1 24,000 
scale computer line printer output A 1 24,000 scale 
printout (individual wavelength bands or classifica- 
tion results) can be overlay ed directly on a 7 i/ 2 minute 
U S G S topographic map, thereby enabling accurate 
location of various features on the ERTS data Until 
this capability had been developed, much of the de- 
tailed evaluation of classification results of the ERTS- 
1 data was severely hampered 

© Several scales of computer-enhanced “false color 
infrared" composites of multispectral ERTS-1 scanner 
data can now be obtained through the LARS digital 
display unit, using a procedure that was developed 
during the couise of the ERTS-1 investigations This 
procedure allowed one to obtain a color rendition of 
the data from the ERTS tapes, but the primary ad- 
vantage for this technique was the ability to enlarge 
individual resolution elements to a point where they 
could be clearly discerned by the human eye, there- 
by allowing the analyst to more easily interpret the 
data and to effectively work with the tremendous 
amount of detail that is actually present of the ERTS 
data tapes Our feeling is that the 9" x 9" standard 
product imagery and even the 1 250,000 scale photo- 
graphic enlargements of ERTS imagery do not fully 
portray the tremendous amount of detail that is de- 
fined by the ERTS-1 scanner system It is only through 
the use of the computer enlargement and enhance- 
ment proceduies that one can clearly resolve the full 
level of detail present on the ERTS data tapes 

© A technique to superimpose a grid of any se- 
lected interval on the data displayed on the digital 
display unit was developed Once the initial staiting 
point is determined the grid indicates regular in- 
tervals, such as one or ten miles, ten kilometers, or 
even latitude and longitude Such a grid technique 
proved very useful in locating the line and column 
coordinates of specified areas of interest in the ‘data, 
such as avalanche tracks, areas of burned timber land, 
or specific stands of forest cover. 

© Analysis of temporal overlays of multiple data 
sets proved effective for evaluating changes m snow 
cover This analysis is effective because of the 
gross changes in spectral characteristics of the scene 
from one date to the next (e g. little snow cover on 
one date and a great deal of snow cover on a sub- 
sequent date). This technique had to be used care- 
fully, but the results showed the approach to be high- 
ly effective for assisting the measuring and mapping 
of lapid changes in the area of interest Initially, this 
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progiam could not be utilized because of die apparent 
saturation of the ERTSd detectors when either snow 
or clouds were present. However this pioblem was 
overcome by modifying die normal progiam analysis 
sequence, and the effectiveness of detecting changes m 
snow cover using temporally overlay data was clear- 
ly shown The utilization of such an overlay capa- 
bility to detect changes in land use (e g development 
of building sites, clear cutting of forest lands, and 
changes in water level in high mountain leservoirs) 
has a great deal of potential Numerous applications 
could benefit considerably from such an analysis ca- 
pability. 

User Agency Contacts 

An extremely impol tant result of this effort involves 
the contacts that have been developed with user 
agencies, particulaily the U S Forest Service, Na- 
tional Park Service and the Buieau of Reclamation 
Preliminary results of cover type classification and 
acreage assessments in areas of paiticular concern to 
these agencies have generated considerable interest 


These lesults have also provided a valuable initial 
step m developing an awaieness to the potentials 
of obtaining inventoiy infoimation useful to the 
agency in their on-going activities We found that 
developing interest in the user agency community re- 
quired a great deal of time, patience, and skill We 
believe that a great deal of progiess has been made in 
developing interest within usei agencies for evaluat- 
ing results of satellite data processing to determine 
how such techniques can be incorporated into existing 
systems However, there will be a time lag before the 
most useful applications will be incorporated into 
existing systems The continued flow of satellite data 
and further development of remote sensing techniques 
is necessaiy to allow the capabilities and limitations 
of i emote sensing techniques to be fully developed 
and defined Our firm belief is that ERTS-1 has 
provided a major milestone in the development of 
1 emote sensing technology, and that future years will 
show that it had a major impact on developing tech- 
niques useful in many areas of resource inventory 
work 
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The spatial distribution of cover types in laige 
geographic areas has traditionally been of concern 
to geographers, ecologists, foresters, hydiologists, wa- 
tershed manageis, rangeland manageis, and others 
A major need of many land manageis is for legional 
inventories which necessitate the identification, de- 
scription, classification, and mapping of the various 
component cover types of the region. Carefully com- 
piled regional inventories provide a fiamework for 
land managers to make sound decisions based on 
factual information In many cases such inventories 
are required in a map format, and in other cases, 
only tabular data describing the areal extent of 
the various covei types is of concern 

Past work with remote sensor data and computer- 
aided analysis techniques had indicated great piomise 
for mapping and tabulating acreages of various cover 
types Because ERTS-1 data could be obtainable on 
a repeatable basis, m a digital foimat for large, inac- 
cessible geographic aieas, the ecological inventory 
phase of this research involved the use of computer- 
aided analysis techniques applied to the ERTS-1 mul- 
tispectral scanner data. The ultimate goal was to 
map and tabulate acreages for cover types m each 
of two designated test sites in the Colorado Moun- 
tains Previous work with aircraft data had been 
largely limited to fiatland teriam We anticipated 
that variations in slope, aspect and elevation, as well 
as variations in forested areas due to differences in 
density and cover type, could cause significant varia- 
tions in spectial reflectance However, since many of 
the more commeicially important forest resources of 
the United States are located m areas of mountainous 
terrain, we felt it impoitant to determine the capa- 
bility to reliably map cover types in these rugged 
areas as well as in fiatland areas If computer-aided 
analysis techniques aie to piovide an operational 
capability for cover type mapping, it is important to 
know under what circumstances and conditions they 
can be used, as well as to define the reliability and 
amount of detail that can be obtained with these 
techniques 


The Ecological Inventory section of this research 
effoit was therefore designed to determine the capa- 
bility to utilize ERTS-1 spectial data The computer- 
aided analysis techniques weie developed at LARS 
to identify majoi foiest cover types, and map the 
aieal extent of such cover types Secondary objectives 
include the mapping of langeland and alpine tundra 
regions, pieliminary woik on biomass productivity 
in mountainous areas, evaluation of costs of com- 
puter-aided analysis techniques, and a statistical anal- 
ysis of topographic effects on spectral variability of the 
ERTS-1 scanner data in foies ted aieas 

Since much of the test site had not been previously 
mapped into detailed cover type classes, much effort 
was involved in developing such cover type maps 
This work was largely carried out by the personnel 
fiom INSTAAR, University of Colorado, and in- 
volved a laige amount of photo-mterpietation and 
supplemental field work 

The computer-aided analysis woik was conducted 
by LARS personnel, and involved two major phases 
The first involved developing suitable techniques to 
process and analyze the ERTS-1 data, while the sec- 
ond phase involved the classification and evaluation 
sequences This second phase could be further sub- 
divided into four sequences involving 1) a detailed 
analysis of a small area in the San Juan Mountains 
(concentiating on forest cover mapping), 2) a detailed 
analysis of a small area in the Indian Peaks test site 
(concentrating on alpine mapping), 3) mapping of 
the entne San Juan Mountain test site, and 4) map- 
ping die entne Indian Peaks test site areas 

After a discussion of the charactenstics of the two 
test sites involved in the study, the other sections of 
this chapter discuss the cover type mapping effort 
by INSTAAR personnel, a discussion of the data 
analysis techniques developed at LARS, and a dis- 
cussion of the classification results A number of 
significant results have been achieved from this 
ecological inventory reseal ch, and we believe that 
these results represent a significant step forward in 
developing remote sensing technology 
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TEST SITE DESCRIPTIONS 

Two test site areas aie involved in the Ecological 
Inventoiy section as indicated in Figure A 1 The two 
test sites are die San Juan Mountain Test Site m 
the San Juan mountains of southwestern Colorado, 
and the Indian Peaks Test Site in the front range, 
west of Boulder, Colorado The test sites will be 
described separately because of die different location 
and vegetative charactenstics of the two areas 

Test Site 1, San Juan Mountains 

The San Juan Mountains Test Site is situated in 
southwestern Colorado, and foims an approximate 
squaie widi dimensions of approximately 100 X 100 
kilometeis (62 X 62 statute miles); about 10,000 
square kilometeis (3844 square miles). The aiea of 
coverage included portions of Aichuleta, Hinsdale, 
LaPlata, Mineral, Ouray, Saguache, San Juan, and 
San Miguel counties 

This test site consists primarily of Tertiary voh 
canics widi die topographic expiession of a maturely 
dissected plateau which has been further modified 
by extensive valley glaciation The area is character- 
ized by numerous landslides, avalanches, rock glaciers, 
commercial stands of spruce-fii forest, glacial lakes, 
and meadows Extensive areas of mine tailings indi- 
cate its former piominence as a mineral, particularly 
silver, producing area 

Most western tree species have a geographical and 
altitudinal distribution (Figure A 2) Therefore, a 
summary of the vegetation zones and species are 
included, along with a summary of die major factors 
diat have great influence orH die" dis tub u Lion of die 
various species 

The distribution of plant life, or vegetation, over 
the earth's surface is dependent upon the interaction 
of various external factors, such as climate (tempera- 
ture and lainfall), topography, soil, biotic factors 
including man, and fire Forests occui where there 
are relatively long, waim, moist growing periods, and 
where the soil is moist throughout the year Grass- 
lands are found generally where most of die rainfall 
occui s during the growing season, and wlieie low 
moisture or a dry season prevents tree growth. 

The major vegetation zones that are found in the 
San Juan Mountain Test Site include 

Alpine Tundra The alpine area occurs above tim- 
bei line, about 12,000 feet in elevation Because 
oE die short frost-free growing season (frost may 
occui at anytime of the yeai) the vegetation is lim- 
ited to short grasses and sedges, hardy forbs, alpine 
fir, sub alpine willows, and odier low shrubby plants 
The principal plant species m this alpine zone in- 
clude a number of species of sedges, apline timothy. 



Figure A.l. Relative location of Co/orado test sifes 
for f/ie MRS//N5TAAR sfucfy of fRTS-I safe/i/fe c/afa. 


thurber fescue, tundra rush, aienaria, tundia blue- 
gi ass, and a few species of alpine cloveis 

Spruce-Fir. The spruce-fir timber zone extends from 
about 9,000 feet to timber line The dominant tree 
species m this type include Engelmann spruce, sub- 
alpine fir and coik baik fir Other components of 
die type include aspen, limbei pine, scovler willow, 
thin-leaf alder, water birches, currants, and snowber- 
nes Intel spersed dirougliout this spiuce-fir type are 
numeious subalpine, wet mountain meadows, and 
giasslands These meadows and grasslands character- 
istically are park-like openings between 9,000 feet and 
timber line The vegetation consists of lush growth 
of grasses, and grasslike plants and forbs 

Ponderosa Pine-Douglas Fir. The ponderosa pme 
timber zone (or Montane Conifer Forest) extends 
from an elevation of about 6,000 feet to 9,500 feet, 
with Douglas fir pioviding an important component 
of the timber zone between the elevations of 8,000 
and 9,500 feet, especially on north-facing slopes. 
Other woody components of this type include white 
fir, aspen. Rocky Mountain maple, alder, and Gambel 
oak The grass and forb understory in die open and 
semi-open stands of ponderosa pine primarily on 
south-facing slopes and associated species include 
Arizona fescue, mountain muhly, pme dropseed, and 
blue grama The forbs include geranium, vetdies, 
and cloveis 

The lowei pait of the forest below about 8,500 
feet is warmer and diier, and is primarily a forest 
of ponderosa pines, except on north-facing slopes 
At midforest elevations, douglas fir, and ponderosa 
pine variously intermingle on all but north-facing 
slopes. Douglas fir is dominant on north-facing slopes 
above 7,500 feet and at about 8,500 feet they become 
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Figure A.2 Genera! elevation ranges of the major cover types found in the San Juan Moun- 
tains test site and the Indian Peaks test site . 


increasingly moie prevalent in the forests on all 
slope exposures. 

Piny on- Juniper. The pinyon-juniper type occuis 
at elevations above 5,000 feet and genei ally occupies 
an aiea immediately below the ponderosa pine The 
principal species in this type include one-seed juniper, 
Utah jumper, Rocky Mountain juniper, and pmyon 
pme, with an understory of oak, ceanotlius, buck- 
biusli, and clift rose Blue giama, galleta, sand di op- 
seed, and Arizona fescue make up the principal glass 
species. 

Oak-Shrub Woodland. The oak-shrub woodland 
type extends fiom an elevation of about 4,000 feet to 
5,500 feet The piincipal species include Gambcl 
oak, mountain mahogany, inanzaiuta, ceanothus, cliff 
lose, Apache plume, and numerous species of cacti 
Under normal conditions the oak-sin ub type has a 
good stand of bluestcm, sideoats, black and blue 
giama, and sand diopseed 

The basic vegetation communities found in this 
test site aiea vary greatly in their location, distribu- 
tion, and species of plant life found in them Theie 
are seveial factois which influence and modify each 
community The two major influences me* 1) human 
activity, including mining, farming, glazing, and 
tnnbei liai vesting, and 2) climatic factois, including 
weather phenomena, exposure, and die aspect and 
angle of the slope 

The diiect effects of mining are severe but quite 
localized Mine tailings have a low oigamc content 
and usually have a low pH due to die mineral con- 
tent Because of these factois the tailings tend to 
remain sterile and non-vegeta ted Erosion has washed 


the tailings into many stieam channels, theieby 
affecting die uparian habitat Fanning is minimal 
within. die San Juan study aiea and is limited pii- 
maiily to hay a ops at lower altitudes Ripanari 
communities are common along the irrigation ditches 
which supply water to the hay fields Grazing has a 
considerable effect upon the ecosystem. Within the 
glazing range, diose herbs which cattle and sheep 
find most palatable aie gradually being eradicated 
As a result, m heavily grazed areas, erosional piob- 
Iems are moie common; especially where flock mam 
agement is poor. Logging and the attendant incicasc 
in file incidence have pioduced an extensive altera- 
tion of the vegetation over die yeais Denuded slopes 
in mining aieas weie produced by logging operations 
to piovide wood foi fuel, budding materials, and 
mine timbers. Today, these old logging sites and 
burns aie laigely revegetated by a mixed deciduous* 
coniferous forest. 

In aieas wheie human influence has not caused 
major changes, the vegetative cover is detei mined 
by complex interactions of edaphic, topographic, and 
climatic influences. Foi example, as elevation in- 
creases, piecipitation generally increases and mean 
annual aii temperatuies decrease A complex relation- 
ship also exists between elevation and quantity and 
the quality of solar ladiation There is some tendency 
at high altitudes toward increased cloud cover, but 
the radiation that penetiates the cloud cover, and the 
solar radiation present at othei times is of great 
intensity due to less atmospheric attenuation The 
aspect and angle of the slope significantly effects 
microclimatic conditions, also due to associated differ- 
ences in die quantity of solar ladiation For example. 
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mapping Acquisition of color and coloi infraied 
photography from NASA Missions 238, 239, and 248 
for this area greatly increased die ability to distin- 
guish the vegetative detail In most cases, the color 
infrared film was preferred over the color positive 
film (see detailed comments concerning tins photo- 
interpretative work in Appendix A 2) The reason 
for tins was the generally greater diffeience between 
the responses of deciduous or herbaceous vegetation, 
and comfeious vegetation on color infraied than on 
color film The distinction between the green tones 
on color film was not as great as between the led 
tones on color infrared him There is also a greater 
distinction between exposed soil or rock, and vege- 
tation on color infrared film than theie is on color 
positive him These exposed areas aie often highly 
lefiective and frequently influenced die computet 
classifications of cover types Thus, it was important 
to map such aieas accurately 
After selection of the film type and covei'age best 
suited for mapping, the ground observation data were 
consulted. All sites for which forest densities and com- 


position were known weie marked on die topographic 
map to be used as base information These areas of 
known composition weie then used as photo-interpre- 
tation standards on the NASA underflight photog- 
iaphy Once confidence in identification of color, 
textuie, crown shape, or community characteristics 
for each cover type and each film was achieved, the 
actual mapping could begin (see Appendix A 3) 
Three diffeiem symbol systems were developed for 
use in the vaiious aspects of vegetation mapping. 
The first symbol system generated early in the project 
(Table A 2) served mostly for mapping outside the 
intensively studied aieas The second system (Table 
A.3) lesulted from the need to map in a nmimer more 
compatible with the levels of detail involved in the 
computer-aided analysis The third system (Table 
A 4) was a symbol system cieated for a limited area, 
yet compatible with the second system discussed The 
usage of the third system was always involved jn the 
initial work on a fairly homogeneous men (ie 
tundra) which lequircd only a few of the symbols 
piesent m the second set Upon expansion to a larger 


Table A.2. Vegetation symbol system for wide range usage with corresponding BUTS categories > 


Number 

code 

ERT S 
no. 

Category 

ERTS category' 

00 

£ 1 

Non vegetated 

Exposed rock 


£2 


Exposed soil 

Oh 

W 

Water 

Water 

02 

U 

Uiban 

Uiban 

110 

161 

Grasslands 

Agricultural 

121 

C6 

Colorado blue spiuce 

Colorado blue spruce 

122 

D 1 

Cottonwood-willow 

Co (toiwood- willow 

130 

N 1 

Montane/ subalp Inc meadow 

Meadow 

14J 

N 21 

0 30% vegetative cover tundra 

0 30% vegetated tundia 

142 

N 21 1 

30 70% vegetative cover tundra 

30 70% vegetated tundra 

M3 

n sin 

70 100% vegetative cover tundra 

70-100% vegetated tundra 

M4 

N 3 

Graromoid wet meadow, usually tundra 

Wet meadow 

145 

D2 

Alpine shrub 

Alpine shrub -willow 

151 

D 5 

Wet shrub 

Wet shrub 

152 

D 3 

Dry shi ub 

Oak-shrub 

153 

D 4 

Oak 

Oak 

211 

D3 

Aspen 

Aspen 

221 

Cl 

Pinon pme/Rocky Mountain jumper 

Finon pme/Rocky Mountain jumper 

222 

C 2 

Ponderosa pine 

Ponderosa pme 

2221 

C2 

Pondcrosa pine with shrub 

Pundeiosa pme 

223 

C2 

Ponderosa pme/ Rocky Mountain jumper 

Ponderosa pine 

224 

C 2 3 

Ponderosa pine/Douglas fir 

Pondcrosa pine/Douglas fix 

22 5 

C4 

Engelmann sprucc-subalpme in 

Spruce/fit 

Zipntonc 

C 5 

Kruimnholz 

Krummholz 

2251 

C,4 

Engclmann sprucc/Douglas fir 

Spruce/ fir 

226 

C 7 

Lodge pole pine 

Lodge pole pme 

227 


Limber pine/bnstlecone pme 

Not extensive 

223 

C 3 

Douglas fir/ white fir 

Douglas fir/while fir 

229 


Mixed coniferous (JDF/WF/ESP/PP) 

Special analysis required 

231 

Ml 

Douglas fir/ Ponderosa pme/aspen 

Douglas fir/ white fir, Pondeiosa pine, othei conifers 

232 

Ml 

Douglas fir/ white fn/aspen 

Douglas fir/white fir, aspen/oak 

233 

Ml 

Lodge pole/aspen 

Douglas fir/whitc fir 

234 

Ml 

Mixed coniferous deciduous 

Douglas fir/wlute fir 

161 

A3 

Pastaie 

Pasture 

162 

A 1 

Cultivated ciop 

Cultivated crop 

163 

A 2 

Cultivated pastme 

Cultivated pasture 



geographical area or one which is more heteioge- 
neous, set thiee was easily translated into die bioader 
usage set two 

Two methods weie used in the two stages of map- 
ping the foui quadrangle intensive area The fiist 


two quadi angles were completed using a* simple inter- 
polation from steieo inteipretation of NASA aircraft 
coverage to U S G S quadrangles In the larger scale 
photography observations of individual tiee ciowns in 
steieo permitted faster identification of species For 


Table A.3. ERTS-I vegetation map categories and cover type breakdown. 


General 


Level 1 


Level 2 


Level 3 

I'OlCSt 

C 

Conifer (Con) 

1 

Pmon-jumpcr (PJ) 

I 

0 30% 




2 

Ponderosa pine (P pine) 

II 

30 70% 




23 

Pondcrosa pine/Douglas fn 

III 

70-100% 




4 

Spruce-fh (SF) 






0 

Kiummholz (Krum) 






G 

Col blue spruce (CBS) 


As above 




7 

Lodge Pole pine 




M 

Deciduous conifeious (De-Con) 

l 

Conifeious species and aspen 


As above 


D 

Deciduous (Dead) 

1 

Co ttonwood-willow 






o 

Alpine shrub (AS) 






3 

Oak shrub (OS) 






4 

Oak (O) 






5 

Aspen (A) 






6 

A Vet shiub (WS) 



Ilcibuceous 

A 

Agricultural (Agil) 

1 

Cultivated crops (Cul crop) 






2 

Cultivated pastuie (Cul past) 






3 

Pasture (Past) 




N 

Non-agncultuial (Non-Ag) 

1 

Meadow (M) 






2 

Tundra (T) 

I 

0 30% 






II 

30 70% 






III 

70-100% 

Noil vegetated 



3 

AVet meadow (A Vet mead) 



B 

Rock-soil (Bate) 

1 

Exposed rock (B lock) 






2 

Exposed sod (B soil) 


AVet 







Dry 



Shadow 


Ridge shadow (Shadow R) 
Cloud shadow (Shadow C) 




AV 

Water 


Clear 

Turbid 




S 

Snow 


Snow only 

Snow-forest mix (Snow-foi) 




c 

Cloud 






U 

Uiban 






Table A.4. Examp/e of a type 3 symbol system, created for initial mapping in a limited geo- 
graphical area li.e. tundra mapping , Indian Peaks Test SifeJ. 


Category 

Code 

ERTS code 

Comments (related to CIR film, Mission 248, roll 69) 

Moist tundra 

IA 

N 2 III 

Bright red, most uniform moist meadow 


IB 

N 2 II 

Bright-pale red, some blue of bare rocks 


1C 

N2 II 

Mosaic of bright led, pale led and blue of bare rock 

Dry tundra 

2 

N 2 I 

Light pmk-ied, much blue showing through 

AVillow 

3A 

D 2 

Very bright red of bog vegetation mixed with deep led of willows 


3B 

D 2 

Light led of alpine meadow mixed with deep red of willows 


3C 

D 2 

Blue of rocks mixed with deep red of willows 

Krummholz 

4 

C 5 

Scattered dark red 

AVet meadow 

5 

N 3 

Brilliant red 

AVater 

G 

AV 

Black deep blue 

Snowbank 

7 

S 

AVhite-blue white 

Bare rock 

8A 

B 1 

Blue giey-light grey 


8B 

N 2 I 

Blue grey of rock with slight pinkish cast of sparce vegetation 

Deciduous 

9 

D 5 

Bught red, mounded appearance 

Coniferous 

10 

C 4 

Very deep red 

Meadow 

11 

N 1 

Light led below timberline 


19 



example, during mid-season the brilliant red signature 
of willow communities on color infrared was very 
close to the response of aspen. Stereo interpretation 
permitted the analyst to separate these species on the 
basis of height. 

Working with die stereoscope and a light table, 
the areas weie penciled m on die U S.G S. topographic 
base map and labeled accoidmg to the broader usage 
and vegetation mapping symbol system Densities and 
comments, where necessary, weie added. The areas 
were lechecked and then inked A mylar overlay was 
then made of all information contained in the map. 
The broad range usage symbol system was translated 
into the ERTS-1 symbol system (Table AS), Levels 
II and III. The entne map was checked and dien 
machine copied (Figure A 4) After recheckmg, LARS 
was provided with the mylai version and one copy for 
use m the computer-aided mapping and evaluation. 

The progress on the Vallecito Reservoir quadrangle 
was slowed by difficulties in obtaining suitable NASA 
aircraft coverage to meet the long-term work sched- 
ule Missions 238 and 239 did cover the entire area 
However, both missions were flown on June 6, 1973 
A very late winter season had prevented snow melt 
or complete vernalization by tins date Thus, the 
aieas with elevations above 10,200 feet are either 
snow coveied (tundra) or not leafed out (deciduous 
trees) This condition greatly increased the difficulty 
of mapping aspen stands and deciduous-coniferous 
forests The tundra was completely obscuied by snow 
on both Mission 238 and 239. 

Mission 248 was flown on August 4, 1973 The 
fiames which covered parts of Vallecito Reservoir 
quadrangle were excellent for - distinguishing decid- 
uous from coniferous vegetation (Appendices A 2 and 
A 3) Thus, we found that the most effective technique 
was to first use Mission 248 data (August 4, 1973) to 
separate the aspen from the coniferous species, and 
determine the conifetous-deciduous areas Then use 
Mission 238 data (June 6, 1973) to identify the conif- 
erous species present, and to aid in the separation of 
shrub communities from aspen or meadows where 
distinctions were unclear on the August data. 

Type Mapping Specified Areas 
in the San Juan Test Site 

The descriptive cover type maps of vegetation gen- 
eiated for this phase of the project provided a more 
synoptic view of land use patterns m the San Juan 
Test Site. This interpretive application of vegetation 
maps is based on the inter-relationship of vegetative 
cover to topography, and an understanding of predict- 
able ecological phenomena 

The study area covered fourteen 7 US.GS. 
quadrangle maps along a belt near the southern 
border of the San Juan Mountain Range plus four 
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additional quadrangles farther north in the San Juan 
Mountains (Figure A 5). By using the U S G S. quad- 
rangles as base maps, a comparison of spatial relation- 
ships of plant communities and related topographic 
features became apparent. The cover type categories 
used represented maximum content of information 
without sacrifice to overwhelming detail. These cate- 
gones represented consistently occuiring and lepeti- 
tive plant associations (Table A 2). 

Standards located and verified during the field sea- 
son weie noted on prelimmaiy maps, and these cover 
type standaids weie used for photo-interpretation pur- 
poses to insure a high level of accuracy The photo- 
inteipretative lesults from the color infrared aerial 
coverage weie delineated directly on Hurd quad- 
rangle centered, 1 24,000 scale photographs, where 
these were available Correct placement of boundaries 
was insured by keying on geographic points and topo- 
graphic features visible on the two types of aircraft 
coverage Foi poitions of several quadrangles, com- 
plete NASA coverage was not available Pho to- 
rn terpr eta tion of those areas had to be based strictly 
on the available black and white Hurd coverage This 
analysis sequence is lllustiated m Figure A 6 

The color and hue of the various cover types were 
distinctive oil the color infrared film. However, accu- 
rate photo-interpretation in areas of shadow requires 
an awareness of both topographic featuies and ele- 
vation By knowing the distribution of species as 
modified by these factors (Table A 5), the piobable 
cover type categones in shadow aieas could be 
infened 

Tundra Mapping 

The Howardsville area was initially selected for 
tundra vegetation mapping This quadrangle con- 
tains few topogiaphic extremes and many square 
miles of gently rolling tundra, so it seemed well 
suited for this research However, review of the data 
available for this portion of the San Juan Test Site 
dui mg periods when the tundra would be snow free 
showed that, at best, approximately 30% of the 
selected area was obscured by clouds Therefore, the 
remainder of the tundra mapping effort was focused 
on the Indian Peaks Test Site, rather than the San 
Juan Test Site 

In reviewing data from the Indian Peaks Test Site, 
we found the scene ID 1352-17134 (July 10, 1973) 
was neaily cloud fiee. An area approximately the 
size of a U S G S. quadrangle was selected for tundra 
mapping, which included the western three-fourths 
of the Ward quadi angle and the adjacent eastern 
one-fourth of the Monarch Lake quadrangle. The 
area is centered on Niwot Ridge (for which an 
extensive amount of data has been collected since 
1952), and extends westward over the Continental 
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Figure A.4. Example of a vegetation cover type map prepared by INST AAR through the use of 1:100,000 scale 
color infrared photos obtained by NASA. A similar level of detail was included on the maps prepared for all of 
the quadrangles shown in Figure A. 5. 
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Divide. Figure A.7 illustrates the general character- 
istics of this area. Along the 14.5 kilometers of the 
Divide within the tundra mapping area, the eleva- 
tion varies from 3660 to 4120 meters. Eastward and 


Table A. 5. General photo-interpretation character- 

istics of cover types on color infrared. 


Cover type 

Color IR characteristics 

Aspen 

Blotched, fluffy, and bright red with yel- 
low spectral shift with fall color change. 
Comparable color to oak, but difTerenti- 
able in overlap due to shadow length from 
taller crown form. 

Oak 

Fluffy, bright red, blotched only at periph- 
ery of stand where vegetation becomes 
discontinuous. Spectral shift in fall, but 
occurring later than in aspen. Leaves are 
shed much later and the shifted color 
appears grayer-grainier than that of aspen. 

Meadow 

Bright red, smooth in spring and early 
summer due to green plants. Pattern turns 
discontinuous by late summer. Blotched 
red due to isolated shrub or moisture 
patches surrounded by gray-brown, bluish, 
or sand color, indicating reflectance from 
bare soil and bloomed -out grasses and 
herbs. 

Ponderosa pine 

Red-brown and fluffy textured with round 
full crown form. 

Douglas fir 

Red-brown, fluffy textured, and with 
same crown form as ponderosa when 
mature. Differentiable from ponderosa pine 
only when photo-interpreter is thoroughly 
familiar with ecological amplitude of these 
two species and pays strict attention to 
topographic effects in the map area. Usu- 
ally, douglas fir grows with a shorter conic 
form in areas of ponderosa pine growth. 
Where douglas fir grows tall and exhibits 
a mature, broad crown form, ponderosa 
pine is usually absent. 

White fir 

Dark red, conic, and coarsely textured. 
Easily distinguishable from surrounding 
tree crowns. 

Engclmann spruce 

Dark blackish red, darker and less coarse 
in texture than white fir. Engelmann 
spruce cover boundaries are easily dis- 
tinguishable from surrounding forest. 

Subalpine fir 

Tall, dark red, less dark than Engel- 
mann spruce, but darker than white fir. 
Tall, spire-like and of the same texture 
as spruce, usually indistinguishable from 
Engelmann spruce. 

Limber and Bristle- 
cone pine 

Indistinguishable because of limited, 
scattered, and restricted occurrence. Areas 
of probable occurrence can be located on 
ridges with low percentage cover charac- 
teristic of these two species. 

Pinyon pine 

Dark brownish red, coarse in texture, and 
forming rounded bumps. Usually found 
by checking slope angle, aspect, and eleva- 
tion, and then consulting the photo. 

Rocky Mountain 
juniper 

Purplish-brown, rounded, small, smooth 
texture. Distinguishable from pinyon pir.e 
due to darker color and slightly larger size. 


below the rock-dominated divide region are three 
broad, gently rolling igneous-metamorphic rock high- 
lands which show evidence of prolonged mass wast- 
ing. Upon these structures and within the intervening 
valleys is found a mosaic of tundra plant communi- 
ties (Table A.4). Extreme moisture gradients, ex- 
posure to the wind (which determines the snow 
accumulation areas), and geomorphic freeze-thaw phe- 
nomena (such as solilluction and frost creep) have 
contributed to the complex pattern of vegetation 
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Figure A. 5. Quadrangles in the San Juan Mountain 
test site that were cover type mapped using photo- 
interpretation techniques. 
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Finished Products 

1. Mylar Overlay 

2. USGA Topographic 
Base Map 

Figure A.6. Vegetation mapping methodology. 
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cover types present in this area (Osborn, 1958; May, 
1973). 

Treeline occurs at about 3350 meters where the 
alpine communities merge with and are replaced by 
a dense spruce-fir forest. A few lakes, bogs, and aspen 
groves are scattered throughout the otherwise uniform 
coniferous forest. 

Due to a greater confidence in the accuracy of map- 
ping with the Bausch and Lomb Zoom Transfer Scope, 
this instrument was preferred over a stereoscope. In 
cases wdiere some doubt existed in the distinction of 
cover types of similar color but different vegetation 
heights, the stereoscope was used to help discriminate. 
Cover type boundaries were first drawn directly on a 
plastic cover sheet over the NASA photography (Mis- 
sion 248, roll 60, frames 0088-0080). These boundaries 
were then rechecked before being transferred to the 
1:24,000 scale U.S.G.S. base map. Figure A. 8 illus- 
trates the complexity of the cover types in this area. 
Eleven recognizable cover types could be mapped 
from interpretation of the NASA film. Appendix A.4 
gives the detailed description of the photo-interpre- 
tation criteria used. 

Test fields to use in evaluation of the computer- 
aided analysis of the data were selected from a 
rescaled, geometrically-corrected printout of channel 
four from scene ID 1352-17134. This w r as done by 
placing the gray scale over the vegetation map on a 
light table. A number of snow' fields, topographic 
shadows, and a cloud-cloud shadow' area occurred on 
the ERTS scene. During selection of the test fields, 
these areas were avoided where they interfered with 
vegetation cover types. 



Figure A.7. Oblique aerial view of Niwot Ridge . 


Vegetation Mapping in the 
Colorado Front Range 

Vegetation mapping was conducted for forest-cover 
types from 8,800 feet to 11,100 feet at timberline. 
Douglas fir/ponderosa pine associations were en- 
countered at lower elevations (to 9,200 feet) with 
Douglas fir commonly dominant on north-facing 
slopes. Encroachment by aspen in disturbed areas and 
mixing with lodge-pole pine, limber pine, and blue 
spruce contributed to cover-type diversity in the test 
area. Dry grass meadows appear at low r er elevations 
in areas cleared for grazing, and commonly above 
stream courses and drainage basins where willow' and 
birch are dominant shrub types. Interpretation of 
the subalpine region extended from 9,200 feet to 
the forest-tundra ecotone at about 11,100 feet. At 
lower elevations heterogeneous stands include as- 
semblages of limber pine, lodgepole pine, and Engel- 
mann spruce/subalpine fir associations. At higher 
elevations, lodgepole pine and aspen give way to 
denser stands of Engelmann spruce/subalpine fir 
(9,800 feet). Limber pine commonly appear on ridge- 
tops as discrete assemblages and scatter krummholz 
“islands” of Engelmann spruce delimit the upper 
reaches of the forest-tundra ecotone. Wet meadows 
and shrub stands were encountered in depressions with 
high water tables and at the effluents of reservoirs (i.e. 
Left Hand Reservoir). Poor tonal quality of CIR 
imagery prevented accurate discrimination between 
cover-types along stream courses and drainage basins. 

A cross-evaluation chart (Figure A.9) was developed 
to show' the degree of differentiation between vegeta- 
tion associations mapped in the test area using NASA 
CIR imagery (scale = 1:46,000). Overall, greatest con- 
fusion was experienced between vegetation categories 
with similar tonal quality. For example, lodgepole 
pine w T as not easily distinguished from Engelmann 
spruce/subalpine fir associations. Cover types eliciting 
red tonal responses such as aspen, riparian vegetation, 
and dry and wet meadows were also confused prompt- 
ing greater reliance on textural and topographic 
characteristics. 

The results of field and forest-cover mapping ac- 
tivities on this area showed that 1) heterogeneous 
coniferous cover-types appear as undilferentiable 
mapping units requiring inclusion into broader vege- 
tation categories with loss of ground information, 2) 
discrimination between coniferous/deciduous forest 
cover and forest /meadow' is excellent while discrimi- 
nation and information content drops off markedly 
between cover-types of similar tonal aspect, and 3) 
additional aircraft coverage of this test area will be 
required for generation of detailed vegetation maps 
suitable for computer-aided analysis beyond the Level 
I classification. 
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Figure A. 8. Cover type map of the Ward-Monarch area at level II, illustrating the complexity of the cover types 
in this area. (Vegetation map prepared by INSTAAR.) 
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Figure A.9. Cross-eva/uaf/on c/iarf showing degree of differenf/afion between vegetation as- 
sociations based on /nferprefaf/ons performed using NASA CIR photography (scale = 1:46,000/. 


VEGETATION MAPPING BY COMPUTER- 
AIDED ANALYSIS TECHNIQUES 

The thrust of this phase of the ecological mventoiy 
lesearch involved the utilization of ERTS-1 multi- 
spectral scanner data and digital computer-aided 
analysis techniques (CAAT) developed at LARS to* 
1) identify major forest cover types and map the 
aieal extent of such cover types, and 2) to differenti- 
ate and map alpine tundra and rangeland aieas 

As pointed out pieviously, we anticipated that a 
gieat deal of spectral variability would be en- 
countered within each forest cover type due to dif- 
ferences in slope, aspect, elevation, and density vari- 
ations within each species group During the early 
phases of the research, it became cleai that these 
factors weie having a stiong influence on the spectral 
i espouse, thereby ci eating a very complex analysis 
task. Much of the prelimmaiy research efforts were 
necessarily involved with modifying the analysis tech- 
niques and procedures pieviously utilized at LARS, 
so that an appropriate proceduie could be developed 
for the type of data involved in this study The first 
section of this part of the report describes the details 
of the techniques development work- These efforts 
finally resulted in a technique believed to allow the 
most satisfactory appioach to classification and evalu- 
ation of such complex data sets The second section 
describes the results of four analysis sequences in- 
volved m mapping and tabulating acreages of forest, 
alpine, and rangeland cover types Vanous levels of 
detail are described The first two analysis sequences 
involve relatively small intensive study areas, while 
the second two analysis involve much laiger test site 
areas (the entire San Juan Mountain and Indian 
Peaks Test Site). 


The first two analysis sequences involved study 
aieas having quite diffeient chaiactenstics The Val- 
lecito Intensive Study Area involved a detailed forest 
cover type mapping problem in the San Juan Moun- 
tain Test Site, while the Ward-Monaich Intensive 
Study Area concentrated on alpine mapping prob- 
lems in the Indian Peaks Test Site Following the 
detailed analysis of these two intensive study areas, 
the entire San Juan Mountain and the Indian Peaks 
Test Site aieas were mapped and evaluated. 

Evaluation of Alternative Computer-aided 
Analysis Techniques 

Possifo/e Approaches 

The ERTS-1 satellite is an entirely unique type of 
data collection system The data differs m several 
ways fiom any other data souice, in that one lesolu- 
tion element is approximately 1 1 acres m size, each 
frame coveis a very large area (approximately 8 5 
million acres), and data is gathered in four distinct 
wavelength bands. These differences, combined with 
very complex vegetation types and complex topog- 
laphy in the two test sites, indicated some question 
as to die suitability of the “standaid” supervised 
classification approach previously developed at LARS. 
Preliminary work with the ERTS-1 data showed that 
the usual data analysis procedures would not be satis- 
factory. For example, selecting homogeneous tiaining 
samples which would represent all possible variations 
m spectral response for each of die cover types of 
significance proved to be an extremely difficult task. 
This is due to spectial differences caused by variations 
in slope and aspect, as well as to many spectial dif- 
ferences m the cover types themselves, involving both 
species and density variations. Therefore, we realized 
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tla at an essential phase of the Ecological Inventory 
effort would involve development of a more effective 
procedure for analyzing forest and alpine areas in the 
Colorado mountains when using ERTS-1 MSS data 
and the LARSYS computer software system 

In utilizing the LARSYS software for analyzing 
multispectral scanner data, one normally follows a 
procedure that involves 

(1) defining a group of spectral classes (training 
classes), (2) specifying these to a statistical algorithm 
which calculates a set of defined statistical parameters, 
(3) utilizing the calculated statistics to “train" a pat- 
tern recognition algorithm, (4) classifying each data 
point within the data set of inteiest (such as an 
entire ERTS frame) into one of the training classes, 
and finally, (5) displaying the classification results in 
either map or tabular format (or both), according to 
the specifications of the analyst 

During the past few years, experience at LARS has 
shown that there are many possible refinements in the 
methodology utilized by the analyst for obtaining 
training classes, while the lest of tire procedure does 
not vary much fiom one analysis task to another. 
The most common techniques for defining tiaimng 
classes involve the so-called “supervised" approach, 
and the “non-sup ervised” or “clustering" approach. 

In the “supervised" approach, the analyst selects 
areas or “fields" of known cover types and specifies 
these to the computer as training fields, using a system 
of X-Y cooidmates The statistics are obtained for 
each area and category of cover type The data is 
then classified and the res ults e valuated. Because 
the analyst has defined specific areas of known cover- 
types to the computer, such classifications are referred 
to as “supervised". 

The second method uses a clustering algorithm 
which divides the entne area of interest into a num- 
ber of spectrally different classes The number of 
spectral classes into which the data will be divided 
must be specified by the analyst The spectral classes 
defined by the clustering algorithm are then used to 
classify the data, but at tins point the analyst does 
not know what cover type is defined by each of the 
spectral classes Noimally, after the classification is 
completed, the analyst will identify the cover type 
repiesented by each spectral class using available 
leference data or cover type maps Because the analyst 
does not need to define particular portions of the 
data for use as training fields, but must only specify 
to the computer the number of spectral classes into 
which the data is to be divided, a classification using 
this proceduie is refened to as “non-supervised". Be- 
cause of the difficulty of knowing how many spectral 
classes might be represented by any one species or 
cover types, pievious work had indicated that the 


non-supervised approach was usually more satisfactory 
when analyzing data from wildland areas 

Additionally, two variations of these basic methods 
for defining training classes aie possible. One is to 
select training areas of known cover type (a super- 
vised approach up to this point), but then utilize the 
clustering algorithm to refine the data into unimodal 
spectral classes for each cover type This is called a 
“modified supervised" approach The second vari- 
ation involves designating small blocks of data (30- 
GO lines by 40-60 columns) to the clustering algorithm, 
then identify each spectral class within these small 
“cluster training areas" The statistics for a single 
spectral class are then combined, using data from 
seveial of the small cluster training areas. This last 
method is called the “modified non-supervised" or 
“modified clustering” appioach, and will be described 
m greater detail later 

As discussed later, three of the four methods de- 
scribed above were used to obtain training classes for 
the Ludwig Mountain quadi angle using ERTS data 
from September 8, 1972 (scene ID 1047-17200). The 
method not used to obtain spectral classes was the 
first one described, which simply involves manually 
selecting training fields (the “supervised” approach) 
That method was not used because of the extieme 
spectral variation within cover types in the Ludwig 
Mountain quadi angle, as indicated by multimodal 
classes of the vanous cover types (l e deciduous, ag- 
ricultural, etc) Such spectral complexity causes spec- 
ial overlap between cover types, and pievious work 
had indicated that the manual approach would not 
allow satisfactory results to be obtained for this 
type of area. 

The Ludwig Mountain quadrangle was specifically 
selected to develop an analysis procedure because it 
is complex and contains a wide variety of cover types. 
Theiefoie, if a good analysis technique could be de- 
fined for this aiea, the same technique should also be 
suitable for other less difficult analysis areas 

To evaluate the performance of each of the methods 
being tested, but to prevent possible bias in the 
evaluation prior to any of the analysis, a total of 34 
test areas were defined These represented approxi- 
mately 2 percent of the aiea within the quadrangle 

Comparison of Ana/ysis Tecfin/qt;es 

Using a non-supervised approach, tiaining classes 
were obtained using the clustering algorithm on the 
Ludwig Mountain quadrangle to generate 10 spectral 
classes based entnely on the spectral characteristics of 
the data Utilization of the clustering algorithm to 
generate training classes leaves the analyst with the 
task of relating the spectral classes to the cover types 
To do this, each spectral class was identified through 
the use of the vegetation map supplied by INSTAAR 
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(Figuie A 4) The classification was then evaluated 
using the pieviously defined test fields For the non- 
supervised approach, the results indicated an oveiall 
test field accuracy of 76 6% (Table A 6) A comparison 
between the computer printout of the aiea and the 
type map indicated that 10 spectral classes were not 
sufficient Some spectral classes represented more than 
one cover type, and some cover types were repiesented 
by more than one spectial class Most of the enor m 
the classification was caused by several spectral classes 
that lepiesented more than one cover type In par- 
ticular, there were two spectral classes that represented 
coniferous foiest in one location and deciduous 
foiest in another The cover types that lepiesented a 
small pei cen tage of the area (less than 5%) included 
watei, cloud, cloud shadow, and bairen. These were 
not sepai ated by the clustering algorithm Thus, 
water and cloud shadow weie included in one of the 
agricultural land spectral classes If one hopes to 
obtain reasonably accuiate classification results, one 
spectial class should not represent moie than one 
cover type Tlierefoie, to try to alleviate this prob- 
lem, the number of spectral classes was mci eased 
fiom 10 to 20 

The lesults of the classification using the 20 spec- 
tral classes indicated a test field peiformance of 78 5% 
(Table A 7) These results also showed that theie 
were still several spectral classes that lepresented more 
tli an one cover type Most of the error was caused by 
confusion between conifeious foiest and deciduous 
forest, and between coniferous foiest and agricultural 


land A comparison between the classification and the 
type map showed that the confusion was primarily 
due to diffeient crown closure densities in the conif- 
erous forest Because of the relatively large variance 
m all the spectral classes, the low density conifeious 
forest was being identified as the understory, either 
giass (agricultural land) or oak (deciduous forest) 
This indicated to the analyst that even more spectial 
classes were needed, but it was already difficult to 
identify the actual cover type associated with each of 
the classes when 20 spectial classes weie used There- 
fore, a further increase m the number of spectral 
classes, which would be needed to reduce the variance, 
would make identification of all spectial classes 
difficult Thus, anothei approach was xequired 
The next technique to be evaluated was the modi- 
fied supervised approach for obtaining training sta- 
tistics The cooidinates foi training fields were de- 
termined by ovei laying a geometrically conected 
grayscale printout on a type map To statistically 
describe each cover type, training fields for each 
cover type weie selected tlnoughout the area The 
histograms generated for each cover type showed 
multimodal distributions Since such distributions 
viola Le ihe basic assumption of the Gausian classifier, 
modification of the training fields was necessary before 
a classification could be peifoimed To do tins the 
clustering algorithm was used 

All of the training fields for each cover type weie 
clustered as a gioup The exact number of spectral 
classes that each covei type was separated into de- 


Table A.6. Ludwig Mountain quadrangle , no n-supervised, 10 duster classes, /eve/ / fesf c/ass 
performance. 


Group 

No of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Agricultural 

Water 

1 

Conifer 

415 

764 

3L7 

61 

2 

35 

2 

Deciduous 

176 

68 2 

23 

120 

4 

29 

3 

Agricultural 

60 

100 0 

0 

0 

60 

0 

4 

Water 

8 

100 0 

0 

0 

0 

8 


Total 

659 


lio 

181 

*66 

72 


Overall performance (505/659) = 76 6 
Average peiformance by class (344 6/4) — 86 1 


T able A.7. Ludwig Mountain quadrangle , non-supervised, 20 duster c/asses, level I test dass 
performance. 


Group 

No of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Agricultural 

Water 

1 Conifer 

415 

90 8 

377 

2 

33 

3 

2 Deciduous 

176 

40 9 

79 

72 

5 

20 

3 Agricultural 

60 

100 0 

0 

0 

60 

0 

4 Water 

8 

100 0 

0 

0 

0 

8 

Total 

659 


456 

74 

*98 

31 

Overall performance (517/659) 

— 785 






Average performance by class (331 8/4) 82 9 
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pended on the variability of the cover type (i.e. more 
variation required more classes) Most cover types 
had to be defined by four or five spectral classes 
These spectral classes appeared to correspond to 
variation in slope, aspect, and crown closure Using 
the modified-supei vised approach, the test field re- 
sults indicated a classification accuracy of 70 0% 
(Table A 8) The classification had considerable er- 
lor between the deciduous foiest, coniferous foiest 
and agricultural land cover types This error was 
primarily due to the confusion between low density 
coniferous forest and deciduous foiest, and agricul- 
tuial land. This enor is the same type that occunecl 
with the non-supervised approach. The error, how- 
ever, was caused by the difficulty m selecting and 
appraising the spectral classes, and not caused by the 
laige spectral variation. Selection of training fields 
was difficult because of the complexity of the area. 

Once training fields weie selected and clustered 
into spectral classes, we determined that some spectral 
classes contained only a few data points and there- 
fore had to be deleted Several classes were spectrally 
similar, but were actually different cover types Se- 
lecting the disposition of these spectral classes was 
difficult. For these two reasons, another change in 
approach was required 

A “modified clustering” method was the next ap- 
proach utilized In this method, several small train- 
ing areas are designated, each of which contain sev- 
eral spectral classes. Each aiea is then clustered and 


the spectral classes for all cluster aieas are combined. 
Results using this method indicated that the classi- 
fication map of the Ludwig quadrangle compaied 
reasonably well with the cover type map prepared by 
INSTAAR, both qualitatively and quantitatively 
The test field results indicated an accuracy of 84 7% 
(Table A 9) This was a substantial increase in ac- 
curacy. Pei haps of even more importance, a general 
qualitative comparison between the type map and 
the classification indicated a higher level of classi- 
fication accuracy than what the test field results 
showed. Detailed analysis and comparison of the re- 
sults obtained through the use of this and die various 
other methods investigated indicated that dns modi- 
fied clustering proceduie for obtaining the training 
spectral classes would be most satisfactory for use in 
die remaining analysis work in this Colorado test 
site. Because of the importance of effective utiliza- 
tion of die LARSYS software, die following section 
will describe this particular analysis procedure in 
moie detail 

Modified Clustering Method 

The basic sequence for the modified clustering 
method is 1) select tiainmg areas to be clustered; 
2) cluster each area independently into 8 to 15 duster 
classes, 3) combine the duster classes into informa- 
tion spectral classes, and 4) classify the area of in- 
terest Each of diese steps will be considered indi- 
vidually in die following paragraphs. 


Tab/e A 8. Ludwig Mountain quadrangle, modified supervised , /eve/ / fesf c/ass performance. 


Group 

No. of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Agri- 

cultural 

Water 

Bare 

Shadow 

Cloud 

1 Conifer 

415 

73 5 

305 

90 

18 

0 

2 

0 

0 

2 Deciduous 

176 

53 4 

64 

94 

13 

0 

0 

5 

0 

3 Agricultural 

60 

100 0 

0 

0 

60 

0 

0 

0 

0 

4 Water 

8 

25 0 

0 

0 

0 

2 

0 

6 

0 

Total 659 

Overall performance (461/659) — 70 0 
Average performance by class (251 9/4) 

369 
= 63 0 


91 

2 

T 

lT 

0 


Table A. 9. 

Ludwig Mountain quadrangle, 

modified clustering, 

level 1 test class performance . 

Group 

No of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Agricultural 

Water 

Bare 

1 Conifer 

415 

913 

379 

19 

7 

1 

9 

2 Deciduous 

158 

63 9 

50 

101 

7 

0 

0 

3 Agricultural 

60 

100 0 

0 

0 

60 

0 

0 

4 Water 

8 

37 5 

5 

0 

0 

3 

0 

Total 

64jT 


434 

120 

74 


~9 

Overall performance (543/641) = 84 7 







Average performance by class (292 7/4) 

= 73 2 
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Selection of Training Areas. Selection of tiaining 
areas for the clustering algorithm was dependent on 
three factors, first, the amount and quality of ref- 
erence data or “ground truth” available, second, the 
existence of at least four to six cover types within an 
area, and third, the piesence of a repi esen tative 
sample of cover types. 

The reference data are impoitant because the ac- 
curacy of classification results is heavily dependent 
upon the accuracy of the training data If twenty 
spectral classes are defined it is vitally important 
that the cover type category of interest be accurately 
identified and associated with each of the spectial 
classes piesent For the Ludwig quadrangle, the ref- 
eience data consisted of a cover type map pioduced 
by INSTAAR, 1 120,000 scale color infiared aerial 
photos obtained by NASA, a U S.G S. quadrangle 
map, and Mark Huid ortho-piojection aerial photog- 
raphy. 

To insuie that the best classification accuracy is 
obtained, a sample of each cover type should be in- 
cluded m one or more of the training areas This 
piovides a leasonably representative data set to the 
classification algorithm Ideally, a sample of eveiy 
spectial class m the test site would be included m at 
least one training aiea. 

To most effectively utilize the clustering algorithm, 
each of the small training aieas should contain a 
vanety of spectral classes Woik with the data indi- 
cated that generally one should define an aiea in 
which four to six covet types were present Since 
each cover type was usually lepresented by several 
spectial classes, such areas would piovide a data set 
in which the clustering algonthm could effectively de- 
fine die natuial spectial gtoupmgs in die data. This 
also gave us a companson within a single clusteung 
aiea among several cover types, so that one could 
easily see whether die vaiious cover types of interest 
could be defined on the basis of their spectial le- 
sponse In o tiler woids, if a single spectral class 
showed up m areas containing different cover types, 
tins immediately indicated that a stiaightfoiwaid 
relationship did not exist between the spectial classes 
present and the cover types of interest 

Clustering. Each tiainmg area was clusteied inde- 
pendently into 8 to 15 cluster classes, depending on 
the vai lability of the aiea The number of cluster 
classes that each aiea was clusteied into depended on 
the number of covei types and the variability of each 
cover type As a general rule of diumb, each area 
was first clustered into twice as many clustei classes 
as there weie covei types Since m some areas, theie 
may be several cluster classes for each cover type, the 
cluster map and the variance table were checked to 
deteimine if the specified number of cluster classes 


should actually be used If the patterns m the ref- 
erence data matched the patterns m the cluster map, 
and if the variance in ERTS-1 data for most of the 
classes was between 0 8 and 3, then the particular 
number of clusters defined was optimum As a gen- 
eial rule, if die variance of seveial cluster classes was 
lower than 0 8, the number of cluster classes for the 
aiea was i educed, and if several of die cluster classes 
had variances gi eater than 3, die number of cluster 
classes was increased 

Each cluster class was dien identified as to actual 
cover type by using the suppoit data This was done 
by ovei laying die cluster map with die type map sup- 
plied by INSTAAR, since both the geometrically cor- 
lected ERTS data, and die type maps weie at a 
1 24,000 scale 

Pooling Statistics. The statistics and separability 
algorithms were used to combine die clustei classes 
into mfoi mation spectral classes A saturating tians- 
formed divergence number, obtained from the sep- 
arability algonthm, is a measure of the distance 
between classes in multi-dimensional space This 
measure, which langes in value from 0 to 2000, is 
lef erred to as the “divergence value” High values 
indicate class pairs which aie more separable. Past 
experience indicates tiiat class pans with a diveigence 
value of 1750 or gi eater, when grouped, will yield 
bimodal distribution (which violates the basic as- 
sumption of the maximum-likelihood Gaussian classi- 
fier) 

The laige number of cluster classes obtained for 
die aiea, 60, made comparison of all divergence 
values at once difficult For this reason, the combin- 
ing of cluster classes was perfoimed m diree steps 

The first step was to calculate the diveigence value 
for each pair of cluster classes Witii a small amount 
of experimenting, we found that combining all pairs 
having a divergence value of 1000 or less reduced the 
numbei of cluster classes to approximately 35, which 
was much easier to work with These combined clus- 
ter classes will be referred to as “spectral classes” 

The second step m combining the classes was to 
use the separability algonthm to calculate the di- 
vergence value for each pair of spectral classes In 
tins step, all spectral classes witii a divergence value 
of 1750 oi less were combined. When combining die 
spectial classes, the cover type was checked for each 
cluster class making up the spectral class Any spec- 
tial class with more than one type present (mixed 
cover types) was deleted unless the mixed class was a 
desned information class The combined spectral 
classes weie then identified and named The named 
spectral classes will be refeired to as “information 
spectial classes”. 

The diird step required lunning the information 
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spectral classes tluough the statistics and separability 
algorithms At this point, very few divergence values 
were below 1750 (some further combining would have 
been necessary if there were many below 1750) The 
statistics from this step weie then m final form to 
be used in the classification 

Classification. The statistics deck obtained from 
the third step of the combining process would then 
be used to classify the test site The basic LARSYS 
classification procedure involving die maximum like- 
lihood algorithm was utilized in the classification. 

This modified clustering technique was found to 
give the most satisfactory classification results, even 
in this mountainous aiea having a diveisity of spec- 
tral characteristics A straight forward classification 
piocedure maximum likelihood had been previously 
developed It is not difficult to apply the classifica- 
tion procedure, and obtain a computer classification 
for any area of interest However, for the classifica- 
tion to be of any value, it is essential to establish the 
reliability of the results The next section will de- 
scube die methods used by the personnel working on 
the Ecological Inventory classification results on the 
test sites 

Classification Evaluation Procedures 

Once an adequate training set has been defined, it 
is not difficult to classify a large geogiaphic area 
using computer analysis techniques However, unless 
one can verify the accuracy of such computer classi- 
fication results, little has been accomplished by simply 
classifying the data over various areas of interest A 
combination of three techniques proved most satis- 
factory to achieve a true indication of the classifica- 
tion accuracy 

A qualitative evaluation of the classification re- 
sults can be perfoimed by visually companng die 
classification to an existing cover type map or aerial 
photos of die region. Although the method is sub- 
jective, it does provide a quick, rough estimate of 
classification accuracy A quantitative evaluation of 
die results, however, must accompany the qualitative 
evaluation 

The two basic outputs of a computer classification 
are acieage estimates for each cover type, and a cover 
type map for an area A combination of two quantita- 
tive evaluation techniques can be used to judge the 
accuracy of the two types of output One evaluation 
technique involves statistical sampling of individual 
areas of known cover types (designated as test areas) 
This offers an extremely effective method for evalu- 
ating the map or locational accuracy of die classifi- 
cation results, and examining inclusive and exclusive 
error lates of die various cover types Such tech- 
niques, however, must be used with caution, and 


must be carefully designed to pi o vide statistical relia- 
bility of the results In geneial, aieas need to be 
selected in such a way that the number of lesolution 
elements in the test areas for each cover type are ap- 
pioxmiately in proportion to the amount of that 
cover type present in the area 

A second quantitative technique for evaluating 
classification accuracy is the companson of acreage 
estimates fiom the computer classification, and the 
acreage estimate obtained by some conventional 
method This type of evaluation indicates the ac- 
curacy of the acreage estimate obtained for the va- 
rious cover types For statistical leliability, a large 
area such as an entile minute USGS. quad- 
1 angle should be used For large samples, inclusive 
and exclusive location errors tend to balance out 

This dual approach to quantitative evaluation of 
classification accuiacy was utilized dnoughout the 
ecological inventory study areas— die Vallecito In- 
tensive Study Area, Ward-Monarch Intensive Study 
Area, the San Juan Mountain Test Site and the In- 
dian Peaks Test Site The test aieas were, of course, 
defined prior to the computer classification of the 
data The test fields for the Vallecito Intensive Study 
Area were detei mined as aieas within a uniform 
density (based on intei pretat ion of the aerial photog- 
raphy), and with uniform slope and aspect (detei- 
mined from USGS. quadi angle maps) Each test 
field was dien ground checked to verify this in- 
formation. These test fields were also used m the 
study of die relationships between spectral response 
and topographic influences on vegetative cover dis- 
cussed in a later section of this report The test areas 
for the other three test sites were selected in a sim- 
ilar manner except diat they were checked primarily 
by plioto-interpietation techniques, with only limited 
ground checking. 

To estimate classification accuracy using acreage 
comparisons m the Colorado test sites, entire 7 ] /2 
minute USGS quadi angles were type mapped and 
planimetered by INSTAAR Acieage estimates by 
cover type were piovided for seven quadrangles m 
the San Juan Mountain Test Site including the 
Vallecito Intensive Study Area, and five quadrangles 
in the Indian Peaks Test Site, including the Waid 
Monaich Intensive Study Aiea (Appendix A 5) 

Differences in criteria used to produce the cover 
type maps and computer classifications sometimes 
necessitated grouping types together in order to make 
comparison possible For example, all the cover type 
maps included tlnee types in the forest category- 
coniferous, deciduous, and coniferous-deciduous mix, 
whereas the computer classification contained only 
two forest types, coniferous and deciduous There- 
fore, the subclasses had to be grouped into a single 
"foiest” class for purposes of acreage comparison 
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Computer Classifications: 

Discussion and Results 

A major need of many land managers and agencies 
is a reliable, up-to-date inventory in a usable format. 
This requires the identification, description, classifi- 
cation, and mapping of the various components which 
compnse the covei types of the region With the 
techniques described in the above section of this 
report, the computer can easily classify a large geo- 
graphic aiea However, unless the classification can 
be presented in a usable format, it is of no value to 
a land manager. Two formats for presentation aie 
used in this repoit a classification map and areal 
estimates for covei types Ano ther factor must be 
known befoie the classification can be used by a 
land manager— an estimate of the classification ac- 
curacy Two piocedures were used to evaluate classifi- 
cation accuracy, test fields and aieal compai isons 

A classification was pel formed on each of four 
aieas the Vallecito Intensive Study Area, the Ward- 
Monarch Intensive Study Area, the San Juan Moun- 
tain Test Site, and the Indian Peaks Test Site This 
section of the leport will discuss the background, 
data sets involved, the classification and its evalu- 
ation, and the end products (results) for each of the 
four test sites 

Va//ec/fo Intensive Study Area 

Background. Discussions with personnel from the 
Region 2 office of the U S Forest Service (Denver, 
Colorado) indicated a gieat deal of interest in util- 
izing ERTS-1 data for mapping foiest cover in the 
San Juan Mountain aiea._Of particular intei est was 
an area near Vallecito Reseivoir, which the Forest 
Service believed would come under heavy pressure 
foi development Land development companies were 
actively m the area (selling summer homesites), and 
the Forest Service was quite concerned about the 
impact of such developments on the ecology of the 
aiea Although the aiea around Vallecito Reservoir 
is quite accessible, many othei aieas are much more 
inaccessible Thus, the Foiest Seivice felt that if 
ERTS-1 data could be effectively utilized foi mapping 
cover types and providing useful information in such 
mountainous teiram, satellite data and the analysis 
techniques being developed would provide a very 
useful tool to the Foiest Service in their ongoing 
planning activities. 

Because of this encouiagement on the part of the 
user agency to study the aiea around the Vallecito 
Reseivoir, and because of the accessibility of this 
area to field ciews, this area was designated the 
"Vallecito Intensive Study Aiea” This formed the 
primary area on which, many of the analysis tech- 
niques and procedures (discussed m the pievious 
section) were developed 


Objectives. This- section of the report will discuss 
the analysis of the data fiom this area to test com- 
puter-aided analysis techniques on ERTS-1 digital 
data for separation, classification, and mapping of 
forest cover types More specifically, the objective of 
this phase of the research was to deteimme the 
degiee of cover type breakdown possible, and evalu- 
ate the classification accuracy obtained at each level 
in an area that was pnmai lly forest, (1 e , try to 
classify accurately at Level II and, if possible. Level 
III as defined by Table A.1) 

Study Area and Data Set Utilized The study aiea 
is approximately 11 kilometers by 20 kilometers in 
size (one and a half, 7Vk A U S G S quadrangles) 
and ranges m elevation from 7000 feet to 10,200 feet 
Field work in the area by both INSTAAR and LARS 
personnel indicated the area is extremely complex, 
both vegetatively and topographically The test site 
is dominated by ponderosa pine, but Douglas fir, En- 
gelmann spruce, and subalpine fir are found at the 
higliei elevations The majonty of the grassland is 
found along the floodplains of the Los Pinos River 
which flows out of Vallecito Reservoir 

The ERTS-1 data set used in the analysis of the 
Vallecito Intensive Study Area was, scene ID 1047- 
17200, collected on September 8, 1972 There weie no 
clouds m the test site aiea The support data set used 
in the analysis includes a type map, developed by 
INSTAAR personnel, color inflated aerial photog- 
raphy (WB-57F Mission 248), and giound observa- 
tions by both LARS and INSTAAR peisonnel 

Procedures The modified clustering approach was 
utilized to classify the Vallecito area Six training 
areas w^ere selected using the cover type map and an 
MSS band 6 computer grayscale of the September 8, 
1972 data Each training aiea contained four to six 
cover types and was then clustered into ten to fifteen 
spectral classes All spectral classes were identified 
using the type map and the aerial photogiaphy. The 
spectral classes for all the training areas were then 
compared using the statistics and separability al- 
gorithms 

After combining the spectrally similar classes, 24 
information spectral classes weie obtained These 24 
classes were then used to classify this Vallecito In- 
tensive Study Area 

Classification Results and Evaluation. The com- 
puter classification produced two types of results for 
the test site, a classification map and an aieal estimate 
foi each cover type Figure A 10 is a grayscale image 
of the test site classification showing the location and 
distribution of the Level I cover types. A Level II 
display of the classification has not been included 
because of the difficulty m interpreting a map with 
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eight different shades of gray depicting die eight 
cover types Aieal estimates, a second type of “piod- 
uct” for the test site, are shown m Table A 10 for 
both Level X and Level II, 

Along with a qualitative evaluation of the classi- 
fication map, the “standard” test field evaluation 
procedure and a proceduie to compare areal esti- 
mates were used to quantitatively evaluate the classi- 
fication accuracy, A total of 124 test fields were de- 
fined within the study aiea, all approximately 20 data 
points m size The test fields were selected as areas 
within uniform vegetation type (based on the type 
map data), with a unifoim stand density (based on 
interpretation of the aerial photography), and with a 
uniform slope and aspect (determined from U S.G S 
quandrangle maps) Each test field was then giound 
checked to verify this information Figure A 11 is an 
MSS band 5 image of the Vallecito Intensive Study 
Area, indicating the location of the test fields These 
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test fields weie used as one method, to quantitatively 
evaluate the classification accuracy This was done by 
calculating the percentage of the data points correctly 
classified into each cover type, thus yielding a table 
of “test field performance”. 

The overall test field performance for Level I was 
94 8% (Table All) The peiformance for all classes 
was approximately equal and high As seen from 
Table All, the major cover types (Level I) in the 
mountainous area can be classified with a reasonable 
degree of accuracy One of the key elements in this 
research involved an attempt to classify individual 
foiest cover types (Level II). Since the individual 
cover types had been defined during the field work, 
the same test fields as previously used for the Level I 
results were utilized to test the classification accuracy 
at Level II. A test field performance of 76 5% re- 
sulted (Table A 12) The table indicates a moderate 
amount of confusion among the individual cover 
types produced by use of computer-aided analysis 
techniques m mountainous teirain 





figure A. 10. Image from the digital display of the 
Vallecito intensive study area computer classification 
at /eve/ /. Black is water, dark gray is coniferous 
forest, medium gray is deciduous forest, light gray 
is grass and cropland and white is barren . 


Figure A. IT. ERTS-I MSS Band 5 ( 0.60-0 70um; gray- 
scale image (frame 1047-17200) of the Va//ec/fo in- 
tensive study area showing the location of the test 
fields used to evaluate the classification accuracy . 








To quantitatively evaluate the classification ac- 
curacy using a second method, the cover type map 
for the entire test site was planimetered. It is im- 
portant to note that the cover type map used as 
source data for this phase of the experiment had 
been obtained through standard photo-interpretation 
techniques. Therefore, the results offer a good com- 
parison between areal estimates developed through 
computer classification of satellite scanner data, and 
areal estimates obtained through manual interpreta- 
tion of aerial photos using well defined photo-in- 
terpretation procedures. A comparison between the 
planimetered areal figures and the computer classifi- 
cation figures at Level I are shown in Table A. 13. 
An areal comparison at Level II was not possible be- 
cause the planimeter figures for the type map were 
not broken clown in the Level II cover types. Figure 
A. 12 is a graphical representation of this comparison 
with the regression line and 95% confidence limits 
shown. All of the points lay within the 95% confi- 
dence limits. The correlation coefficient (r) value of 
0.981 indicates that the areal estimates obtained 
from the ERTS-1 analysis using computer-aided 
analysis techniques are in reasonable agreement with 
the planimetered areal estimates. 

Evaluation of the Level I and Level II classifica- 
tion results indicate that the various subclasses of 
Level II forest cover types appeared to be related to 
slope, aspect, and stand density as well as to the 
forest type itself. Therefore, a statistical investigation 
of these apparent relationships was conducted using 
the data from the Vallecito Intensive Study Area and 
two additional quadrangles. This work is reported in 
the “Supplemental Studies” section, later in this chap- 
ter. The next section of this chapter discusses the 
results of the classification of an intensive study site, 
which is basically alpine tundra. 

Ward-Monarch Intensive Study Area 

Objectives. One of the major objectives of the 
ecological inventory portion of this research involved 
the evaluation of computer-aided analysis techniques 


Table A. 10. Vallecito intensive study area, areal 
estimates for level I and level II. 


Cover type 

Acres 

Hectares 

Percent 
of area 

Coniferous 

31,124 

12,596 

54.7 

Pine 

(24,320) 

(9,842) 

(42.7) 

Sprucc-fir 

(G,804) 

(2,754) 

(12.0) 

Deciduous 

17,044 

6,898 

30.0 

Oak 

(9,987) 

(4,042) 

(17.6) 

Aspen 

(7,057) 

(2,856) 

(12.4) 

Agricultural 

5256 

2,127 

9.2 

Pasture 

(4,718) 

(1,909) 

(8.3) 

Cult, crops 

(538) 

(218) 

(0.9) 

Water 

1,730 

700 

3.0 

Barren 

1,772 

717 

3.1 

Total 

56,926 

23,038 

100.0 


for mapping areas of alpine tundra. The Vallecito 
Intensive Study Area discussed in the last section 
had been selected in response to the interests and 
needs of the U. S. Forest Service, but since that area 
did not contain alpine tundra, the need still existed 
for testing the classification procedures on an area 
containing a significant amount of alpine tundra. As 
mentioned previously, the Indian Peaks Test Site 
contained considerable areas of alpine tundra, and 
underflight WB-57F aerial photography had been 
obtained on the same day as some cloud free and 
snow' free ERTS-1 data had been gathered. This data 
set was superior to any available for the tundra 
regions in the San Juan Mountains (largely because 
it was cloud free and snow free). Therefore, an area 
identified as the Ward-Monarch Intensive Study 
Area w f as defined within the Indian Peaks Test Site. 
The specific objective of this phase of the research 
was to test the ability to utilize the LARSYS com- 
puter-aided analysis techniques and ERTS-1 data for 
spectrally separating, classifying and mapping tundra 
vegetation communities. 

Study Area and Data Set Utilized. In the eastern 
third of the Ward-Monarch Area, a relatively homo- 
geneous, dense coniferous forest is broken by oc- 


Table A.11. Vallecito intensive study area , level I test field performance. 



Group 

No. of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Agricultural 

Water 

Bare 

1 . 

Conifer 

1858 

97.5 

1812 

22 

3 

1 

20 

2. 

Deciduous 

685 

85.4 

13 

585 

87 

0 

0 

3. 

Agricultural 

242 

95.9 

2 

6 

232 

0 

2 

4. 

Water 

240 

100.0 

0 

0 

0 

240 

0 

5. 

Bare 

98 

93.9 

0 

0 

6 

0 

92 


Total 

3123 


1827 

613 

328 

241 

114 

Overall performance (2961/3123) — 94.8 







Average performance by class (4 

72.7/5) = 

94.5 
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Table A. 12. Vallecit o intensive study area , level II test field performance. 



Group 

No. of 
samples 

Percent 

correct 

Pine 

Spruce- 

fir 

Oak 

Aspen 

Pasture 

Bare 

Water 

Cult, crop 

1 . 

Pine 

1111 

81.4 

904 

169 

5 

9 

3 

20 

1 

0 

2. 

Spruce-fir 

747 

64.9 

254 

485 

2 

6 

0 

0 

0 

0 

3. 

Oak 

481 

61.7 

8 

0 

297 

95 

80 

0 

0 

1 

4. 

Aspen 

204 

78.4 

5 

0 

33 

160 

6 

0 

0 

0 

5. 

Pasture 

188 

94.1 

2 

0 

4 

0 

177 

1 

0 

4 

6. 

Bare 

98 

93.9 

0 

0 

0 

0 

1 

92 

0 

5 

7. 

Water 

240 

100.0 

0 

0 

0 

0 

0 

0 

240 

0 

8. Cult, crop 54 61.1 

Total 3123 

Overall performance (2388/3123) = 76.5 
Average performance by class (635.5/8) = 79.4 

0 

1173 

0 

654 

2 

343 

0 

270 

18 

285 

1 

114 

0 

241 

33 

43 


Table A. 13. Vallecit o intensive study area , level I 
acreage comparison. 


Type 

Classification 

Type map 

Coniferous 

54.7 

48.8 

Deciduous 

30.0 

34.8 

Agricultural 

9.2 

11.8 

Water 

3.0 

4.3 

Barren 

3.1 

0.3 

Total 

100.0 

100.0 


casional aspen stands and moraine dammed subal- 
pine bogs. At tree limit (3350 m), the forests grow 
sparse and yield to tundra communities. These tree- 
less turfs are best developed on the deep till blanket- 
ing portions of three broad topographic highs 
extending eastward from the backbone of the Conti- 
nental Divide, which trends nearly north to south 
along the western edge of the test site. Bare rock 
dominates the vicinity of the Divide. Unlike many 
alpine regions in which tundra might be found, few 
topographic highs cast shadows on this tundra vege- 
tation. The major shadow in the area outlines the 
western flank of the Continental Divide. Thus, the 
area is well suited to test the capability of ERTS-1 
digital data for CAAT mapping. 

The ERTS-1 data set selected for the CAAT, scene 
ID 1388-17131, is cloud free in the Ward-Monarch 
area. The NASA WB-57F aerial photography, Mis- 
sion 248, roll 69 used in preparing vegetation maps 
was flown on the same day, August 15, 1973, as the 
ERTS-1 MSS data was collected. Thus, the condition 
of vegetation and snowbeds is the same in both data 
sets and one variable in the comparison is eliminated. 
Because extensive ground observations have been 
made of this area for over 20 years, new observations 
were not made specifically for this analysis. Thus, 
the support data consisted of NASA Mission 248 and 



AREAL ESTIMATE FROM COMPUTER CLASSIFICATION (PERCENT) 


Figure A. 12. Vallecito intensive study area com- 
parison between areal estimates obtained by com- 
puter classification and those obtained by planimeter- 
ing the cover type map. 


ground observations previously collected by the 
INSTAAR personnel. 

There is one bad data line in the ERTS-1 data 
set for the Ward-Monarch area (in MSS band 5, 0.60 
um to 0.70 um) and it appears as an oblique line 
crossing the eastern tip of Niwot Ridge. 

Procedures. The procedure followed during this 
analysis was basically the modified clustering ap- 
proach. Seven small training areas, with an average 
size of 1,000 data points, were selected using gray- 
scale printouts of MSS bands 5 and 7 from the 
August 15, 1973 data. Each small area, containing 
four to nine cover types, was separated using the 
clustering algorithm into eight to sixteen spectral 
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Figure A. 13. Image from the digital display of the Ward-Monarch intensive study area compu- 
ter classification (level I) showing water as black , coniferous forest as dark gray , tundra and 
grassland as 3 shades of medium gray , bare rock as light gray, and snow as white. 


classes depending upon the complexity of the area. 
The spectral classes were then compared using the 
statistics and separability algorithms. The support 
data was examined for each class and spectrally sim- 
ilar classes which were within one cover type were 
grouped. Spectral classes containing very few data 
points (less than 40) or including several different 
vegetation types were deleted. In some cases where 
similar spectral classes represented more than one 
cover type, the class was retained as a combination 
of two cover types. The combining of the similar 
spectral classes resulted in 17 information spectral 
classes. These 17 classes were then used to classify 
the Ward-Monarch data set. 

Classification Results and Evaluation. Two basic 
types of “products” resulted from the computer classi- 
fication— a point by point classification map, and areal 
estimates for each cover type in the test area. Figure 
A. 13 is a grayscale map of the classification show ing 
the location and distribution of the Level I cover 


types in the test site. A Level II cover type map was 
generated, but is not shown because of the difficulty 
in interpreting a map with eight different cover types 
shown as different shades of gray. 

A second type of computer output "product”, areal 
estimates for the test area, are given in Table A. 14 
for both Level I and Level II. These areal estimates 
were used to provide a second method of evaluating 
the accuracy of the classification results, using the 
planimetered acreage estimates from the cover type 
map as a basis for comparison. The areal estimates 
developed from the computer classification results 
were later used to estimate the biomass productivity 
for the test site. The Supplemental Studies section 
of this chapter discusses some preliminary work on 
biomass productivity in the Ward-Monarch Intensive 
Study Area. 

Again, three different methods were used to evalu- 
ate the classification accuracy: qualitative evaluation, 
quantitative test field evaluation, and areal compari- 
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Table A. 14. Ward-Monarch intensive study area , 
areal estimates for level 1 and level II. 

Type 

Acres 

Hectares 

Percent 

Deciduous 

1,206 

488 

3.4 

Coniferous 

12370 

5,087 

35.4 

Barren 

4,755 

2,329 

16.2 

Snow 

1,319 

534 

3.7 

Tundra 

13,773 

5374 

38.7 

Dry 

(4,092) 

(1,656) 

(11.5) 

Wet 

(5,883) 

(2,381) 

(16.5) 

Willow-knim 

(3,798) 

(1337) 

(10.7) 

Water 

905 

366 

2.6 

Total 

35327 

14,378 

100.0 



Figure A. 14. ERTS-1 Band 5 (0.60-0.7um) grayscale 
image (frame 1388-17131) of the Ward-Monarch in- 
tensive study area showing the location of the test 
fields used to evaluate the classification accuracy. 

son procedures. In the qualitative evaluation, the 
computer classification map compared favorably with 
the cover type map prepared from the aerial photos, 
although some variations within the tundra groupings 
were noted. Next, LARS and INSTAAR personnel, 
working together, selected 90 test fields using the WB 
57F photography, the Ward-Monarch cover type map 
and an MSS band 6 computer grayscale. Figure A. 14 
shows an MSS band 5 digital display image of the 
Ward-Monarch area with the test fields delineated. 

The overall test field performance for Level I is 
93.3% (Table A. 15). The poor performance for the 
deciduous forest class (57.8%) is due to confusion 
between subalpine bogs (deciduous) and wet tundra 
(tundra). Subalpine bogs are spectrally similar to 



Figure A. 15. Ward-Monarch intensive study area 
comparison between areal estimates obtained by 
computer classification and those obtained by plani- 
metering the cover type map. 

aspen and are primarily willow, which is a deciduous 
species, but do contain some wet tundra. Therefore, 
it is a reasonable and explainable type of confusion. 

A Level II test field performance (Table A. 16) 
shows the same classes as the Level I classification, 
except that the tundra has been broken into three 
subclasses including dry tundra, wet tundra, and 
willow-krummholz. The subclasses of tundra were 
not particularly well-differentiated using this pro- 
cedure on this data. The major cause for this difficulty 
in differentiation is the large variation in spectral 
response within these tundra sub classes. This varia- 
tion has two causes: wide variation in characteristics 
of these tundra cover types and spatial characteristics 
of the ERTS-1 data in relation to the finely dissected 
spatial characteristics of the tundra cover. 

As a second quantitative technique to evaluate 
classification accuracy, the cover type map was 
planimetered over the entire test site by INSTAAR 
personnel. The acreage for each cover type was then 
totaled. The cover type map acreage estimates were 
compared at Level II to the areal estimate obtained 
from the computer classification (Table A. 17). To 
obtain the computer estimates, the number of data 
points classified into each cover type was totaled and 
the percentages calculated. A visual comparison be- 
tween the two shows that the computer classification 
estimates are close to those obtained from the type 
map. As a more quantitative comparison, the per- 
centages were plotted (Figure A. 15), and 95% confi- 
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Table A. 15. Ward-Monarch intensive study area , level I test field performance. 



Group 

No. of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Bare 

Snow 

Tundra 

Water 

Badline 

1 . 

Deciduous 

147 

57.8 

85 

7 

0 

0 

55 

0 

0 

2. 

Conifer 

1019 

98.3 

0 

1002 

0 

0 

8 

9 

0 

3. 

Bare 

90 

86.7 

0 

0 

78 

9 

3 

0 

0 

4. 

Snow 

103 

82.5 

0 

0 

17 

85 

1 

0 

0 

5. 

Tundra 

673 

94.8 

15 

4 

13 

2 

638 

0 

1 

6. 

Water 

163 

97.5 

0 

4 

0 

0 

0 

159 

0 


Total 

2195 


100 

1017 

108 

96 

705 

168 

1 

Overall performance (2047/2195) = 93.3 








Average performance by Class (517.7/6) = 

86.3 








Table A. 16. 

Ward-Monarch 

intensive study 

area. 

level II test field performance. 



Group 

No. of 
samples 

Percent 

correct 

Decid- 

uous 

Conifer 

Bare Snow 

Dry 

tundra 

Wet 

tundra 

Willow- 

Kruni. 

Water 

Badline 

1. Deciduous 

147 

57.8 

85 

7 

0 

0 

0 

43 

12 

0 

0 

2. Conifer 

1,019 

98.3 

0 

1,002 

0 

0 

0 

0 

8 

9 

0 

3. Bare 

90 

86.7 

0 

0 

78 

9 

1 

2 

0 

0 

0 

4. Snow 

103 

82.5 

0 

0 

17 

85 

1 

0 

0 

0 

0 

5. Dr)- tundra 

183 

66.2 

0 

0 

12 

0 

121 

35 

15 

0 

0 

6. Wet tundra 

395 

89.9 

10 

0 

1 

2 

25 

355 

2 

0 

0 

7. Willow-Krura. 

95 

67.4 

5 

4 

0 

0 

0 

21 

64 

0 

1 

8. Water 

163 

97.5 

0 

4 

0 

0 

0 

6 

0 

159 

0 

Total 2,195 100 

Overall performance (1,949/2,195) — 88.8 
Average performance by class (646.3/8) = 80.8 

1,017 

108 

96 

148 

456 

101 

168 

1 


deuce limits and the correlation coefficient (r) were 
calculated. Figure A.15 shows that all of the points 
are close to, or within the 95% confidence limits. 
This, combined with the 0.989 correlation coefficient, 
indicates a high degree of correlation between the 
computer acreage estimates and the cover type map 
acreages. The results from this second intensive study 
area increased confidence in the capability of such 
computer-aided analysis to achieve accurate cover type 
maps and areal estimates of the various cover types in 
areas of mountainous terrain. 

San Juan Mountain Test Site 

Objectives. To test the results obtained in the 
analysis of the intensive study areas over a much 
larger geographic area, the next step was to classify 
the entire San Juan Mountain Test Site. The analysis 
results from the intensive study areas showed that it 
was possible to accurately classify an area at the 
Level I (basic cover type) degree of detail. Thus, the 
objective of this phase of study was to test the ability 
of computer-aided analysis technique (CAAT) to 
classify basic cover types over a large geographical 
area using ERTS-1 MSS data. 

Study Area and Data Set Utilized. The San Juan 
Mountain area in southwestern Colorado is extremely 


rugged, ranging in elevation from 5,000 feet to 14,000 
feet, with several peaks in the “over 14,000- foot” cate- 
gory. The area has been the subject of an intense 
ecological research for the last several years. Since 
1970, Colorado State University (CSU), the Institute 
of Arctic and Alpine Research at the University of 
Colorado, and Fort Lewis College have been using 
the area to study the ecological impact of winter 
cloud seeding. Other ongoing research in the San Juan 
Mountain area includes avalanche research, energy 
budget studies, and a feasibility study for using micro- 
wave reflectometry to measure snow pack parameters. 

The San Juan Mountain Test Site encompasses 
993,800 hectares (2,456,000 acres) in southwestern 
Colorado. The test site contains sixty-three 754 minute 
U.S.G.S. quadrangles. The location and names of all 
quadrangles involved are shown in Figure A. 16. 

The ERTS-1 data set selected for the CAAT was 
scene ID 1425 17190, September 21, 1973. This ERTS 1 
data set is cloud free over the entire test site, and has 
a minimum of snow present. The support data con- 
sisted of vegetation maps for portions of 16 quad- 
rangles scattered throughout the test site, WB-57F 
color infrared aerial photography from Missions 239 
and 248, and ground observations by LARS and 
INST AAR personnel. 
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Procedures. The modified clustering approach was 
used to classify the San Juan Mountain data set. 
Sixteen training areas were used to obtain the spectral 
classes. The training areas were selected on an MSS 
band 6 computer grayscale within quadrangles for 
which cover type maps were available. The number 


Table A. 17. Ward-Monarch intensive 
level II areal comparison (%). 

study area, 

Type 

Classification 

Type map 

Deciduous 

3.4 

3.2 

Coniferous 

35.4 

36.0 

Bare rock 

16.2 

13.2 

Snow 

3.7 

3.3 

Dry tundra 

11.5 

12.5 

Wet tundra 

16.5 

16.7 

Willow-Kriim 

10.7 

13.3 

Water 

2.6 

1.8 

Total 

100.0 

100.0 


of cluster classes obtained for the training areas 
ranged from 12 to 18. The number of spectral classes 
was reduced to the minimum number that would still 
allow separation of the Level 1 classes. This resulted 
in a total of 14 information spectral classes that 
were used to classify the San Juan Mountain data set. 

The amount of computer time required to do a 
classification depends on three factors: (1) number of 
classes, (2) number of data points (area), and (3) num- 
ber of channels. In this study, the area was fixed, and 
the number of classes was minimized. To further mini- 
mize computer time (and therefore analysis cost), con- 
sideration was also given to using a subset of the 
four available MSS bands (4, 5 , 6, and 7). The average 
transformed divergence value (Swain, 1971) for the 14 
information spectral classes was computed for several 
channel combinations. The average transformed 
divergence value for MSS bands 4, 5, and 7 was essen- 
tially the same as for all four bands, indicating classi- 



Figure A. 16. ERTS-1 MSS Band 5 (0.60-0.70um) grayscale image (frame 1425-17190) of the 
San Juan Mountain test site showing the location and names of the 63 quadrangles in the test 
site. 
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fi cation accuracy (at Level [) would not be signifi- 
cantly reduced by using three hands instead of four. 
Therefore, only MSS bands 4 (0. 5-0.6 urn), 5 (0,6-0. 7 
tun), and 7 (0,8-Ll uni) w p ere utilized in the actual 
computer classification. 

Classification Results and Evaluation. The classi- 
fication ol the 2.5 million-acre San Juan Mountain 
J est Site involved the utilization of three wavelength 
bands of ER I S- 1 data (MSS bands 4, 5, and 7) and 14 
information spectral classes. As in previous classifica- 
tions, the results obtained were basically in two 
formats— a classification map of the area and areal 
estimates of each cover type. Figure A. 17 is a digital 
display of tiie classification showing the five Level 1 
cover types as different tones of gray. Areal estimates 
(in acres) for each Level I cover type in all 63 quad- 
rangles were compiled from the computer classifica- 
tion. These areal estimates are shown in Table A. 18. 
I bis table clearly shows one of the major advantages 
for utilizing computer-aided analysis techniques— de- 
veloping areal estimates over large geographic areas 
in an extremely rapid and cost effective manner. 


However, the accuracy of such areal estimates is 
dependent upon the accuracy of the classification 
results from which the areal estimates were developed. 

To evaluate the classification accuracy for the 
entire test site, a qualitative evaluation was first 
carried out, utilizing the available support data. This 
evaluation indicated that the Level J computer classi- 
fication map for the entire test site appeared to lie 
reasonably accurate. However, to provide a quantita- 
tive evaluation of the classification results, test fields 
and areal estimate comparisons were conducted. 

Utilizing the cover type maps prepared by 
INST AAR, 100 test areas totaling 16,170 data points 
of known cover type were defined. The location of 
these test areas are shown in Figure A. 18. The size 
of the individual test areas ranged from less than 
50 data points to over 1,000 data points, but most 
areas contained between 150 and 250 data points. 
An effort was made to select test areas in a quadrangle 
in which no training areas were located, and most test 
areas were so defined. However, in the west and 
northern portions of the test site, since only a couple 



Figure AJ7. image from the digital display of the San Juan Mountain test site computer classi- 
fication of level I. fi/adc is water and terrain shadow, dark gray is coniferous forest, medium 
gray is deciduous forest t light gray is grass and cropland and white is barren. 



Table A. 78. Acreage estimates for fhe San Juan test site , 


Conifer Deciduous Grassland Barren Water 


Quadrangle 


Mount Sneffels 16*766 

Ouray ... * 19,669 

Wettcrhom Peak 14253 

Uncompahgre Peak 8,314 

Lake City . 1634 

Cannibal Plateau 14,631 

Mineral Mountain 18,790 

Stewart Peak , . .. 22,897 

Elk Park 19,626 

Tclltiride .. . ... 13,639 

Iran ton , ,.* 10*757 

Handies Peak . . ....** 5,212 

Redcloud * . . * 9,166 

Lake San Cristobal 18,502 

Bristol Head XW 17,448 

Bristol Head NE 11,009 

Creede NW 11327 

Creede NE 10,852 

Ophir ...... 1 0,038 

Silverton * * * 15,406 

Hoivardsville 6,922 

Pole Creek 835 

Finger Mesa . 14,818 

Bristol Head SW . . 18.387 

Bristol Head SE . . . . * 12,238 

Creede SW .... 16*784 

Creede SE 17,218 

Engineer Mountain ...... . . * 18310 

Snowden Peak 16289 

Stomi King Peak * * * . 7J976 

Rio Grande Pyramid . . . 14,850 

Weminuche Pass 20,4% 

Little Squaw Creek 22333 

Workman Creek . . . * 22,424 

Spar City NW 27363 

Spar City NE ........ 27,401 

Electra Lake 23345 

Needle Mountains W r ..... 22341 - 

Needle Mountains E . 15,162 

North Granite Peak 16,313 

North Bear Mountain 27319 

North Oakbrush Ridge 23,059 

North Papagosa Peak 25,055 

Spar City SW 22,256 

Spar City SE 29,167 

Hermosa 21304 

Lemon Reservoir ■ . 24,179 

Valleeito Reservoir . .............. 25,326 

Granite Peak 29,845 

Bear Mountain 32214 

Oakbrush Ridge 21,791 

Papagosa Peak . . 24,293 

Wolf Creek Pass NW . 24,927 

Wolf Creek Pass NE 28,352 

Durango East . **.. 15,961 

Rules Hill 20,288 

Ludwig Mountain * , , . * 20255 

Baldy Mountain . * . * 20.992 

Devil Mountain * 30,289 

Chris Mountain * 27226 

Papagosa Springs . 14,821 

Wolf Creek Pass SW 21,943 

Wolf Creek Pass SE 28,127 


4289 

11,824 

4246 

994 

3.483 

9,794 

4,361 

813 

927 

14.467 

7,183 

1.080 

297 

20210 

8,745 

552 

665 

15*097 

3,127 

51 

420 

16,774 

5,884 

200 

274 

13,378 

5,653 

24 

298 

9309 

5,007 

198 

143 

12,341 

6,185 

35 

2,864 

12244 

7.982 

1,185 

81 1 

16,718 

8,648 

980 

187 

22,170 

9,182 

954 

278 

15*338 

11,827 

1,305 

400 

12,858 

5.871 

49 L 

98 

15,847 

4265 

47 

118 

21.HH 

5,567 

115 

173 

17399 

8,161 

445 

105 

18,817 

7,943 

406 

1,633 

14,992 

9,677 

1.573 

1,117 

15,657 

5,015 

719 

591 

21,9+2 

7*433 

817 

594 

22324 

6,274 

296 

946 

18,440 

3.655 

261 

473 

15,392 

2*924 

529 

464 

19,744 

5,015 

452 

288 

13*983 

6*588 

61 

203 

13,304 

7.338 

61 

4,893 

11,799 

2,5H 

63 

1*834 

14,394 

4,030 

767 

1,205 

17.163 

9,515 

1,845 

1,470 

16327 

4,684 

281 

1,409 

12,159 

3,191 

866 

1 ,859 

t J ,345 

1,877 

90 

757 

11,923 

2,710 

100 

842 

6,796 

2,176 

27 

1,795 

6.899 

1.966 

62 

6.959 

6,120 

397 

792 

2,321 

11637 

1,105 

310 

1*769 

14,916 

5216 

642 

2,931 

12,950 

4,479 

1241 

2,940 

6*356 

1*217 

89 

4,048 

7.846 

1272 

481 

1250 

8,168 

3278 

163 

1,145 

10,134 

3,958 

211 

1319 

5,673 

1,582 

183 

8,432 

7,317 

787 

74 

7,979 

5,126 

ISO 

450 

4,623 

5*006 

503 

2247 

3,341 

4,051 

512 

165 

2,933 

2*850 

120 

3 

5,690 

9*875 

346 

3 

5,656 

5320 

2259 

186 

5,691 

5,664 

1.354 

69 

3,823 

5,062 

821 

65 

5.641 

14,683 

1*583 

46 

7,183 

10260 

184 

0 

7,493 

9,662 

270 

23 

11.331 

5363 

28 

0 

6228 

1328 

72 

4 

2,745 

7209 

520 

4 

6,933 

14,753 

1,120 

287 

6,987 

8240 

530 

4 

4229 

4*436 

1266 

65 


of the quadrangles had been type mapped, lest areas 
had to be chosen from quadrangles which also con- 
tained training areas. Even in these quadrangles, 
there were no data points that %vere used both for 
training and testing. 

Table A. 19 shows the test area performance at 
Level I for all of the test areas defined, and indicates 
that the overall performance was approximately 91% 
correct The confusion between the grassland and 
barren grass is caused by lightly vegetated rock which 
is a combination of bare rock (barren) and tundra 
(grassland). Determining whether a test field should 
be identified as bare rock or tundra was difficult, thus 
causing the lower performance in the grassland class. 

To evaluate the classification performance on an 
areal basis, seven quadrangles within die test site 
were utilized. The locations of the seven areas is 
shown in Figure AJ9. These quadrangles were se- 
lected to represent a variety of cover types and geo- 
graphical locations in the San Juan Mountain Test 


Sue. IN ST AAR personnel developed a set of Level 1 
cover type maps and then planimetered each of the 
different cover types for each of the seven quadran- 
gles* By evaluating the classification results on a basis 
of both test field performance and the areal extent 
for each of the cover types, a reasonable indication 
of the overall classification accuracy for the entire 
2.5 million-acre test site could be obtained. 

The comparison of the areal estimates obtained 
by the computer classification with those obtained 
from the type map developed through aerial photo- 
interpretation techniques is shown in Table A. 20. In 
this table, the acreage estimates for the selected quad- 
rangles have been converted to percentages to reduce 
the range of magnitude of the values in order to 
facilitate further statistical analysis. Table A. 20 shows 
that there are sometimes differences of 10% in the 
areal estimates for a particular cover type within an 
individual quadrangle, but in general, the areal esti- 
mates based upon the computer classification seems 



Figure A. IS, EftfS-I MSS Band 5 f0.60-0. 7 0am) grayscale image (frame J425-1719Q) of the San 
Juan Mountain test site showing the location of the test fields used to eva/uate the classification 


accuracy, 
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to be reasonably dose to the estimates based upon 
plantmetering the cover type maps. It is significant 
to note that although the estimates for the two ap- 
proaches may vary from one quadrangle to the next, 
the differences are not always in the same direction. 
For example, forest cover type is not consistently 
over-estimated while grassland is always under- 
estimated. Rather, the forest cover type may be over- 


estimated in one quadrangle and under-estimated in 
another. This would indicate that as one goes to 
larger and larger areas, over-estimations of a particu- 
lar cover type in one area would tend to be balanced 
out by tinder-estimations of that same cover type 
in a different geographical area, ant! therefore, the 
total acreage estimate would become more accurate 
as the size of the area involved becomes larger. 


Table A.19. Son Juan Mountain fesf site, level 1 fesf field performance , 



Group 

No, of 
samples 

Percent 

correct 

Conifer 

Deciduous 

Grassland 

Barren 

Shadow 

Water 

1. 

Conifer 

9,634 

94.6 

9*110 

22 

53 

21 

332 

96 

2, 

Deciduous 

1,475 

87.2 

113 

1286 

76 

0 

0 

0 

3, 

Grassland 

3,677 

81,3 

49 

129 

2,988 

510 

I 

0 

4, 

Barren 

35 

97.1 

0 

0 

1 

54 

0 

0 

5, 

Water 

1,349 

98.9 

6 

0 

0 

0 

9 

U34 


Total 

16,170 


9,278 

1,437 

3,113 

565 

342 

1,430 


Overall performance (14,752/16,170) = 91.2 
Average performance by class (459,0/5) = 91,8 



Figure A. T9, FRTS-T MSS Band 5 ( 0,60-0,70um) grayscale image (frame 1425-17190} of the San 
Juan Mountain test site showing the location of the quadrangles used in the areal comparison 
evaluation , 
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A graphical representation of the data presented 
in Table A. 20 is shown in Figure A. 20. This figure 
shows that the areal estimates based upon the com- 
puter classification are reasonably close to those 
obtained from the type map estimates. To provide a 
more statistical evaluation of the areal estimates 
based upon the computer classification results, a 
linear regression was performed. The correlation co- 
efficient (r) was found to be 0.973. Figure A.20 shows 
the regression line and the 95% confidence limits 
for this data. Most of the data points on the graph 
are close, if not within, the 95% confidence limits. 
This observation and the very high correlation coef- 
ficient shown for this particular analysis indicates 
that the areal estimates are in reasonable agreement 
with the planimetered estimates, thereby providing 
additional confidence in the classification accuracy. 

At this point it should be emphasized that obtain- 
ing accurate information is not the only goal in 
computer-aided analysis of remote sensing data. If 
these techniques are to become operationally useful, 
the information obtained must not only be accurate, 
but it must be obtainable in a cost effective manner. 
The “Supplemental Studies’* portion of this chapter 
discusses an evaluation of the costs involved in obtain- 
ing the computer classification for the Vallecito Inten- 
sive Study Area and San Juan Mountain Test Site. 

Indian Peaks Test Site 

Objectives. The classification of this test site was 
undertaken to determine the degree of accuracy and 
level of detail possible in mapping a large, basically 


Table A.20 . San Juan Mountain test site , areal com- 
parison between type map (INST AAR) and computer 
classification (LARS) (%). 


Area 

Forest 

Grassland 

Barren 

Water 

Ludwig 

LARS 

73.6 

25.6 

0.7 

0.1 

INSTAAR 

84.0 

15.8 

0.1 

0.1 

Durango 

LARS 

57.0 

38.7 

4.2 

0.1 

INSTAAR 

61.8 

34.0 

4.0 

0.2 

Handies 

LARS 

14.3 

58.8 

24.3 

2.5 

INSTAAR 

23.6 

41.6 

34.8 

0.0 

Hermosa 

LARS 

78.4 

19.3 

2.1 

0.2 

INSTAAR 

87.6 

9.8 

2.4 

0.2 

Snowden 

LARS 

49.4 

38.0 

10.6 

2.0 

INSTAAR 

43.9 

38.4 

17.0 

0.7 

Howardsville 

LARS 

20.0 

58.2 

19.7 

2.1 

INSTAAR 

29.4 

58.0 

12.3 

0.3 

Vallecito 

LARS 

81.6 

5.1 

1.3 

12.0 

INSTAAR 

82.7 

4.7 

0.7 

11.9 


tundra area, using ERTS-1 MSS data and computer- 
aided analysis techniques. 

Study Area and Data Set Utilized. The Indian 
Peaks lest Site, shown in Figure A. 21 contains 
twelve l x /2 U.S.G.S. quadrangles, totaling 297,000 
hectares (734,000 acres). Figure A.21 shows the loca- 
tion and names for all 12 of the quadrangles. I he 
test site has basically an eastward slope that ranges 
in elevation from 5,000 feet to over 13,000. A 
transect running westward, up the slope, crosses a 
wide range of vegetation zones, from the range grass- 
land near Boulder, to the alpine tundra communities 
at the Continental Divide. 

Fhe August 15, 1973 frame, scene ID 1388-17131, 
w’as cloud and snow free except for the permanent 
snow and ice fields. Since this time of the year was 
believed to be nearly ideal for studying tundra areas, 
this data set was selected for use in the analysis of 
the Indian Peaks l est Site. Support data consisted 
of WB-57F color infrared aerial photography (Mission 
248, collected on the 15th of August, 1973), and the 
type map of the Ward-Monarch Intensive Study Area. 

Procedures. As with all of the other test sites, the 
modified clustering approach was used to classify this 
test site. Six training areas were selected using an 
MSS band 6 computer gray-scale and the WB-57F 
photography. The statistics already developed lor the 
alpine cover types in the Ward-Monarch study using 
ERTS data obtained on August 15, 1973, were uti- 
lized. In addition, training areas were selected to 
include the non-alpine cover types. Each training area 



Figure A.20. San Juan Mountain test site compari- 
son between areal estimates obtained by computer 
classification and those obtained by planimetering 
the cover type map. 
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was clustered independently into 12 to 15 spectral 
classes. The statistics from the Ward-Monarch area 
and the “new” training areas were compared using 



Figure A.21 . ERTS-1 MSS Band 5 (0.60-0.70um) gray- 
scale image (frame 1388-17131 ) of the Indian Peaks 
test site showing the location and names of the 12 
quadrangles in the test site . 


the separability algorithm. The spectrally similar 
classes were combined and a total of 22 information 
spectral classes resulted. These 22 classes were then 
used to classify the entire Indian Peaks Test Site. 

The Indian Peaks Test Site is approximately one- 
fifth the size of the San Juan Mountain Test Site. 
Since the area was so much smaller, the number of 
channels utilized was not reduced. 

Classification Results and Evaluation. The com- 
puter classification map for the Level 1 classification 
of the Indian Peaks Test Site is shown in Figure A.22. 
T he five Level 1 classes are shown as different shades 
of gray. Acreage estimates of each Level 1 cover type 
for each of the 20 quadrangles in the Indian Peaks 
Test Site are given in Table A.21. Qualitative com- 
parison with the cover type maps developed by 
INST AAR indicated the classification was reasonably 
accurate. 

A quantitative evaluation of this classification was 
accomplished using test fields and areal estimate com- 
parisons. Thirty test fields, ranging in size from 200 
data points to over 4,000 data points, were selected. 
The exact location of these test fields is shown in 
Figure A.23. The test fields were selected throughout 
the entire test site, and the WB-57F photography 
was used as support data to correctly identify each 
test field. The test field performance is shown in 
1 able A.22. The same confusion between barren and 
grassland occurred in this test site as in the San Juan 
Mountain Test Site, and for the same reason. The 
overall accuracy of greater than 90% again indi- 
cates that large geographical areas can be accurately 
classified. 


Table A.21. Acreage estimates for the Indian Peaks test site. 


Quadrangle 


Conifer 

Deciduous 

Grassland 

Barren 

Water 

Trial Ridge 


16,129 

3,758 

10,172 

5,196 

437 

Estes Park 


ti05 

1,888 

7,801 

2,262 

137 

Glen Haven 


27,473 

1,242 

5,770 

486 

511 

Drake 


27,852 

1,117 

5,882 

269 

363 

McHenrys Peak 


13,618 

2,762 

10,785 

7,778 

751 

Longs Peak 


21,376 

2,469 

9,386 

2,078 

384 

Panorama Peak 


28,910 

2,218 

3,635 

286 

434 

Pinewood Lake 


17,448 

511 

16,893 

337 

293 

Isolation Peak 


9,136 

2.761 

11,846 

11,190 

761 

Allens Park 


23,845 

3,415 

6,087 

2,114 

232 

Raymond 


28,061 

1,250 

5,269 

414 

489 

Lyons 


17,090 

528 

16,462 

917 

484 

Monarch Lake 


14,974 

2,821 

8,224 

8,689 

984 

Ward 


20,605 

3,690 

7,997 

2,780 

621 

Gold Hill 


26,934 

2,465 

5,681 

254 

148 

Boulder 


14,687 

841 

16337 

3,129 

287 

East Portal 


16,474 

5,732 

9,195 

3,850 

442 

Nederland 


24,646 

4,708 

5,666 

446 

230 

Tungsten 


29,109 

2,114 

3312 

321 

427 

Eldorado Springs 


20,776 

1,095 

11,140 

1,910 

560 
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Table A. 22. Indian Peaks test site , level I test class performance 


No. of Percent 



Group 

samples 

correct 

Grassland 

Forest 

Water 

Barren 

Baddata 

1. 

Grassland 

6,763 

87.6 

5,923 

31 

7 

802 

0 

2. 

Forest 

18306 

97.5 

240 

17,853 

162 

51 

0 

3. 

Water 

2,380 

100.0 

0 

0 

2,380 

0 

0 

4. 

Barren 

1,333 

81.8 

241 

1 

0 

1,091 

0 


Total 

28,782 


6,404 

17,885 

2349 

1,944 

0 


Overall performance (27,247/28,782) — 94.7 
Average performance by class (367.0/4) = 91.7 







Figure A. 22. Image from the digital display of the Indian Peaks test site computer classification 
of level I. Black is water and terrain shadow, dark gray is coniferous forest, medium gray is 
deciduous forest, light gray is grass and cropland, and white is barren. 


An evaluation of the areal extent of each cover type 
was made by comparing the area estimates obtained 
from the computer classification and those obtained 
from planimetering the cover type maps. This com- 
parison was made for the five U.S.G.S. quadrangles 



Figure A. 23. ERTS-1 MSS Band 5 (0.60-0.70um) gray - 
scale image (frame 1388-17131 ) of the Indian Peaks 
test fields used to evaluate the classification accuracy. 



Figure A.24. ERTS-1 MSS Band 5 (0.60-0.70um) gray - 
scale image (frame 1388-17131 ) of the Indian Peaks 
test site showing the location of the quadrangles used 
in the areal comparison evaluation. 
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shown in Figure A.24. The areal comparisons for each 
cover type and for each quadrangle are shown in 
Fable A. 23 on a percentage basis. Figure A. 25 is a 
graphical representation of this comparison showing 
the regression line, 95% confidence limits and corre- 
lation coefficient (r). Most of the points on the graph 
are close to, if not within, the 95% confidence limits. 
This, plus the high correlation coefficient again indi- 
cates a significant level of agreement between the 
areal estimates obtained from the type map and 
those obtained from the computer classification. 

Table A. 23. Indian Peaks test site , areal comparison 
between type map ( INSTAAR ) and computer classi- 


fication (LARS) 

(%). 




Area 

Forest 

Grassland 

Barren 

Water 

Tungsten 

LARS 

87.1 

10.7 

0.8 

1.4 

INSTAAR 

84.7 

11.9 

1.6 

1.8 

Ward-Monarch 

LARS 

48.2 

28.0 

21.6 

2.2 

INSTAAR 

52.0 

21.6 

24.6 

1.8 

Nederland 

LARS 

75.6 

21.7 

2.1 

0.6 

INSTAAR 

66.8 

29.3 

3.7 

0.2 

Gold Hill 

LARS 

83.0 

15.9 

0.7 

0.4 

INSTAAR 

87.0 

12.2 

0.6 

0.2 

Lvons 

LARS 

50.2 

45.8 

2.6 

1.4 

INSTAAR 

65.7 

32.8 

1.0 

0.5 



AREAL ESTIMATE FROM COMPUTER CLASSIFICATION 

(PERCENT) 


Figure A. 25. Indian Peaks test site comparison be- 
tween areal estimates obtained by computer classi- 
fication and those obtained by planimetering the 
cover type map. 


SUPPLEMENTAL STUDIES 

In the last section, the classification lesults from 
both of the intensive study areas and the two major 
test sites clearly indicated that the potential exists for 
accurately mapping basic cover types (Level I) using 
computer analysis techniques and ERTS-1 MSS data, 
even in mountainous areas where the topography 
causes variations in spectral response Results from 
the Vallecito Intensive Study Area indicated that 
accurate mapping of the individual forest types is 
difficult without fiist accounting for the spectral vari- 
ability within each of the various cover types It was 
believed that this variation in spectral response was 
caused by topographic variables such as slope, aspect, 
elevation, and stand density , In an attempt to deter- 
mine the impact of such topographic effects on spec- 
tral response of the vaiious forest types of mteiest, 
a statistical analysis was conducted, using the data 
fiom pieviously defined test aieas of four forest types 
in the Vallecito Intensive Study Area This study of 
topographic effects on forest covet types is the first 
of three separate studies reported m tins section on 
supplemental research activities 

Tlie second supplemental study involves some pie- 
liminary work on estimating vegetative biomass m 
the Ward-Monaich Intensive Study Aiea The input 
data used for this study consisted of the primary 
pioductivity estimates obtained from an IBP study, 
and classification lesults obtained fiom the computer- 
aided analysis of the ERTS-1 data fiom the Ward- 
Monaicli Intensive Study Aiea 

The third poition of the supplemental study sec- 
tion of this chapter discusses an evaluation of the 
costs involved in obtaining die computer classification 
foi the Vallecito Intensive Study Area and the San 
Juan Mountain Test Site areas The costs involved 
in the computer classifications aie compared to the 
costs for obtaining similar results using aerial photo- 
interpretation techniques In both the computer anal- 
ysis and the aerial photo-interpietation, the final 
products obtained consisted of a Level I cover type 
map of the study site, and a table indicating the 
areal extent of the vaiious cover types 

Topographic Influences on Spectral 
Response from Four Forest Types 

This study was a statistical analysis of the influence 
of topographic vanables and vegetative variables on 
spectial lesponse 

The study was provoked by findings in the Ecologi- 
cal Inventory investigations The analyst woiking on 
cover type mapping found that spectrally distinct 
subclasses of die various cover types appeared to be 
related to variations in topography and density 


Objectives 

This study had three objectives 1) to determine the 
impact of density, slope, aspect, and elevation on the 
spectral lesponse of ponderosa pine, Douglas fir, 
spiuce-fir, and aspen, 2) to develop statistical models 
for the four cover types, relating spectral response in 
the four ERTS-1 wavelength bands to density, slope, 
aspect, and elevation, and 3) to generalize the results, 
where possible 

Data 

The data came from a 14- by 17-mile aiea in 
southwestern Colorado The aiea corresponds to 
four USGS, 7/s minute topogiaplnc quacliangles 
Vallecito Reservou, Lemon Reservoir, Rules Hill, 
and Ludwig Mountain As part of the ecological 
inventory leseaich, 168 test areas were defined Each 
aiea was homogeneous in terms of species, stand 
density, and had a uniform slope and aspect All test 
sites weie field checked Of the 168 test areas thus 
defined, 101 weie fiom one of the forest types defined 
for use in this study The individual test areas 
(samples) tanged from 5 to 20 hectares (10 to 40 
acies) m size Table A 24 indicates the number of 
samples, the total number of ERTS-1 data points, 
and the total land aiea for each forest type 

The spectial data was from ERTS-1 scene 1047- 
17200, collected September 8, 1972 The spectral le- 
sponse (for each wavelength band) of a sample was 
defined to be the aveiage of the responses of all 
ERTS-1 data points within the sample 

The density of each forest cover type was obtained 
through photo-interpietation of Maik Huid quad- 
cen teied oitho-piojected photography m conjunction 
with giound observations Density was estimated as 
percentage of area coveied by the tiee crowns to the 
nearest 10% using a Photo Inteipietei’s Scale. 

The slope of each site was calculated fiom US GS 
topographic maps The percent slope is equal to the 
change m vertical distance pei 100 units of horizontal 
distance A flat site has a slope of 0%, and a 45° 
slope has a 100% slope Slopes were calculated to 
the nearest 5% 

The aspect, or dnection of slope, of each sample 
was originally coded as one of 16 compass points; 
fox example, WSW or SSE These had to be changed 


Table A.24. Areal exfenf of samp/e c/afu. 


Species 

No of 
samples 

No of CRTS 
data points 

Acres 

Hectares 

Ponderosa pine 

4i 

869 

955 9 

3871 

Douglas fir 

26 

380 

418 0 

169 3 

Spruce fh 

12 

269 

295 9 

119 8 

Aspen 

22 

341 

375 1 

1519 
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to a numeric code to be used in the 1 egression analy- 
sis The traditional coding— N as 0°, NNE as 22 5°, 
, NNW as 337 5°— had some inherent difficul- 
ties NNW and N are physically close, but numeri- 
cally fardiest apait when the traditional numerical 
coding scheme is used Therefore, a piocedure was 
developed so that aspects which aie close together 
physically are also numerically close, and where each 
aspect has a unique repiesentation The choice used 
in this study was not the only choice which could 
have been made, but it offered some advantages in 
the later interpretation of the models containing tins 
representation of aspect In this study, aspect was 
represented by two variables which were defined by 
dividing the cucle representing the compass into two 
semicircles as shown m Figure A 26 One variable 
takes on the value of 0 or 1, depending on which 
semicircle the aspect of the sample is in, the second 
variable lepresents the angle from the dividing line 
The line was set between SSE and SW because the 
sun azimuth at the time this data set was taken was 
136° By defining the aspect dividing line m this 
way, the second variable (representing the angle from 
the dividing line) has a physical meaning in that it is 
related to the angle from sun azimuth The value 
of the second variable at any compass point was 
defined as the angle between the compass point 
heading, and the arbitrary sun azimuth line divided 
by 11 25° (1/32 of a cucle) Since the angle between 
adjacent compass headings is 2/32 of a circle and 
the dividing line is offset 1/32 of a circle (1125°) 
fiom a compass heading, only odd numbeis appear 
as values of the second variable 

The first vanable thus represented only whether 
a sample faced geneially southwest (0) or generally 
noitheast (1) This variable was not expected to 
have a significant influence on the spectial response. 



Figure A 26 . Kepresenfafion of aspect 
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because if two samples had the same slope, density, 
elevation and cover type, and also weie equally dis- 
tant from the sun azimudi, they should receive the 
same amount of illumination, whether facing south- 
west or noitheast The second variable (angle fiom 
sun azimuth) was expected to be much more influen- 
tial If a sample had a 0% slope, both of the aspect 
variables were set equal to 0 

The elevation of each site was calculated from 
U S G S topographic maps The elevation of a site 
was defined to be the average of the maximum and 
minimum elevations within the test site area 

The lange of values that density, slope, angle from 
sun azimuth, and elevation had in the 101-sample 
data set is shown in Table A 25 

Procedures 

Polynomial regiession analysis (Draper and Smith, 
1966) of the spectial response in each of the four 
wavelength bands, considering density and slope sep- 
arately, suggested that the second-oider terms could 
add significantly to the legiession An analysis of 
variance was not run due to the unequal number 
of observations and null observations at several levels 
of the independent variables Instead, a program 
which investigates all possible i egressions, DRRSQU 
(PUCC, 1974), was used to continue the analysis 
The vanables listed m Table A 26 weie input to 
DRRSQU as independent variables For each species, 
DRRSQU was run four times, once for each channel, 
with spectral lesponse the dependent variable 

The variation explained by the regression was 
evaluated by using the R 2 value (the square of the 
multiple coi relation coefficient) obtained from the 
DRRSQU output R 2 values for single vanables are 
given in Table A 27 The variable listed for each 
channel and each species is the variable which, by 
itself, gave the highest R 2 value of any of the nine- 
teen variables Notice that, for individual species, the 
visible wavelength bands (channels 4 and 5) have the 
same variables, except in one case, and the infrared 
wavelength bands (channels 6 and 7) have the same 
vanables in all cases The single exception is not 
serious in view of the fact that in Channel 4, Douglas 
fir. A 2 was the variable with the second highest R 2 
value, R 2 = 281. 

Tliese lesults show that elevation and its inter- 
action with density are die most influential variables 
in half the cases The results aie not the same foi 
all species, but within a species results can be gen- 
eralized over classes of wavelength bands (visible and 
infrared) DRRSQU also printed out R 2 values for 
regression models using all nineteen variables The 
R 2 values obtained aie shown in Table A 28 An R 2 
value of 8 would indicate that 80% of the variation 


piesent m the data could be explained Since tlieie 
were only 12 simples of spruce-fir data and 19 vari- 
ables, the R 2 values foi spiuce-fir weie forced to 1 0 
Tlieiefoie, fuithei mleipretation of the R 2 values 
for the spiuce-fir data m this 19-vanable regression 
will not be attempted Using .8 as the cn tenon for 
adequate explanation, the output from DRRSQU 
indicated that the vanables being considered would 
adequately explain the variation m the data available 
in ten of the twelve cases remaining (excluding the 
four spiuce-fir cases) However, as Table A 28 shows, 


Table A.25. Range of values for variables. 


Species 

Density 

Slope 

Angle from 
sun azimuth 

Elevation 


petcent 

percent 


ft. 

Pondeiosa pine 

20-100 

0-60 

0 15 

7260- 9300 

Douglas fii 

20-100 

15-70 

1-15 

7440- 9420 

Spruce-fir 

50-100 

10 60 

1-15 

9440-11200 

Aspen 

80-100 

15-50 

1-15 

8000-10940 


Table A 26 Variables input to DRRSQU 


Variable 

number 

Variable 

Description 

1 

D 

Pei cent density of cover type 

o 

S 

Pei cent slope of site 

3 

u 

(0, 1) variable representing SW oi NE 
semicircle 

4 

A 

Angle from sun azimuth 

5 

E 

Elevation of site m feet above sea level 

6 

D 2 

Density squared 

7 

S s 

Slope squaied 

8 

A" 

Angle from sun azimuth squared 

9 

E 2 

Elevation squared 

10 

DS 

Density-slope interaction 

11 

DA 

Density-angle from sun azimuth intei- 
action 

12 

SA 

Slope angle fiom sun azimuth inter- 
action 

13 

ED 

Elevation-density interaction 

14 

ES 

Elevation slope interaction 

15 

EA 

Elevation-angle from sun azimuth in- 
teraction 

16 

UD 

Semicircle-density interaction 

17 

XJS 

Semicncle slope interaction 

IS 

UA 

Se mi circle-angle from suu azimuth in- 
teraction 

19 

VE 

Semicircle-elevation interaction 


it would not be possible in any case to construct a 
model which could be expected to adequately explain 
the variation m an entirely new data set 

The next step was to examine the models sug- 
gested by DRRSQU to see if the regressions were 
significant, and if the coefficients weie of the same 
older of magnitude 

The simplest models aie those consisting of two 
vanables The two-variable models were inspected to 
determine winch ones had an R 2 value greater than 
0 65 Table A 29 shows the models which met this 
cn tenon Since the models for pondeiosa pine in the 
infrared channels, Douglas fir in the visible channels, 
and aspen in all four channels did not have an R 2 
value gi eater than 0 65, they were not considered in 
the iemaimng steps of the analysis 

The models shown m Table A 29 weie put through 
a general-pui pose regression program, SPSS-15 (Nie, 
Bent, and Hull, 1970), to obtain the coefficients, R 2 
values, and computed F-values The results, in Table 
A 30 show that the regressions for these models aie 
statistically significant at the a = 01 level Also, the 
legiession equations in both visible wavelength bands 
and in both infrared bands have coefficients of the 
same order of magnitude, indicating that the models 
can be generalized over wavelength region 

Conc/us/ons 

The conclusions of this phase of the investigation 
ate 1) When considering density, slope, aspect, and 
elevation in order of number of occurrences as the 
most influential variable, density occurred m the most 
cases, then elevation, and aspect third Slope did not 
appear as the single most influential vai table in any 
case, 2) two-vauable statistical models with an R 2 ^ 
0 65 can be constructed for pondeiosa pine m channels 


Tab/e A.28. R 2 values for 1 9-variable regression . 


Species 

Channel 4 

Channel 5 

Channel 6 

Channel 7 

Pondeiosa pmc 

847 

860 

859 

868 

Douglas fh 

644 

675 

906 

941 

Spruce fir 

1 000* 

1 000* 

1 000* 

- 1 000* 

Aspen 

889 

839 

892 

930 


* There are only 12 spruce-fir samples and ID variables m the regies 
sion This forces R 2 to equal I 


Table A.27. Single variable v/iih highest R 2 value. 


Channel no. 

Fondcrosa pine 

Spruce-fir 

Douglas fir 

Aspen 

Variable 

R- 

Variable 

Rr 

Variable 

R- 

Variable 

R= 

Channel 4 

D 

497 

ED 

346 

E\ 

289 

ED 

.134 

Channel 5 

D 

568 

ED 

259 

A 2 

281 

ED 

200 

Channel 6 

E 

291 

ED 

377 

DA 

647 

A 

371 

Channel 7 

E 

395 

ED 

406 

DA 

700 

A 

390 
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4 and 5, for Douglas fir in channels 6 and 7, and for 
spruce-fir in all four channels; and 3) the results can 
be generalized over classes of wavelength bands (vis- 
ible and infrared). 

In tins study, nineteen variables weie constdeied. 
Since the number of variables approaches the number 
of samples, the first lecommendation for futuie woik 
is to obtain a larger data set 

Succeeding investigations could test the models 
suggested here on another data set, and could model 
density as the dependent variable with spectral re- 
sponse as well as slope, aspect, and elevation used 
as independent variables 

Biomass Productivity 

Primary pioductivity estimates for the major cover 
types in the Ward-Monaich Test Site weie obtained 


fiom the International Biological Program (IBP) 
study results (Lietli, 1972, Webber, 1972, 1974) In 
some cases a single mapped cover type represented 
more than one plant community for which produc- 
tivity data were available. The net piimary pro- 
ductivity estimates for tiue composite cover types 
were determined using planimetnc data from the 
manually produced vegetation map of the area (based 
on NASA Mission 248, Roll 69, Frames 0088-0090). 
The net primary productivity estimates (gm/m 2 /yr) 
were then applied to the areal estimates of the var- 
ious cover types obtained from the computer classi- 
fication (Table A 14, shown previously) to obtain net 
primary pioduction (Table A 31) 

The average net productivity over the Ward- 
Monaich Intensive Study Area was 753 gm/m 2 /yi. 
This figure is geneially in line with, estimates for 


Table A, 29. Two-variable regression models of spectral response ( R 2 ^ 0.65), 


Species 

Visible 

Infrared 

Ponderosa pine 

Y +j8cD 


Douglas fir 


Y :=/3 0 -|-£iiD A-h^iaED-J-e 

Spruce-fir 

Y-e„+(3 S=-i-£„ES-|- e 

Y —JSo-|-£igUD e 

Note The subscripts refer 

to the variables listed in Table A 26 


Table A.3Q, Coefficients, R 2 values and computed F-values for each forest type and wavelength 

band having R 2 ^ 0,65 , 


Forest type 

Wavelength band 

Values 

Pondeiosa pine 

Channel 4 (0 5-0 6 micrometers) 

Y 4 = 30 53263-0 26099D + 0 00171D 2 
R 2 — 0 660 
F 2 » = 37 04280** 
b.w 0 90 — 5 39 

Douglas fir 

Channel 5 (06 07 micro me ters) 

Y; = 30 97367 - 0 40580D -f ,0 00260D 2 
R 2 = 0 72512 
F 2K — 50 12079** 

F 3 23 0 L'J “ 5 66 

Channel 6 (0 7-0 8 miciometers) 

Yr = 30 57973 - 0 01244DA + 0 00001ED 
R- = 67761 
F 3 ~, = 24 17103** 


Channel 7 (0 8-1 1 micrometeis) 

Y t = 17 92902 - 0 00858 DA + 0 00001ED 
R s = 0 72888 
F 2=s == 3091707** 

Spruce-fir 

Channel 4 (0 5-0 6 micrometers) 

Y* =: 23 22330 -f 0 00436 S 2 - 0 0003 ES 
R 2 = 0 74820 
F 29 — 9 69S08** 

F« 9 o w — 8 02 


Channel 5 (0 6-0 7 micrometers) 

Y* = 18 89736-J-0 00476 S 2 - 0 00004 ES 
R 2 — 0 68306 
F 29 =- 9 69808** 


Channel 6 (0 7-0 8 micrometers) 

Y. = 23 87903 - 0 36237UD + 0 59708 US 
R 2 — 0 65089 
F £9 8 38988** 


Channel 7 (0 8-1 1 micrometers) 

Y t = 13 31213-0 23927 UD + 0 39489 US 
R 2 = 0 65888 
= 8 69168** 
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a selection o£ data refeinng to other ecosystems 
(Table A 32), although peiliaps a little high. The low 
productivity of the baie lock and dry tundra areas 
(about 13% and 23% of the test site, respectively) 
was balanced by the highly productive and extensive 
foiest vegetation (about 45% of the test site) (Table 
A 31) 

Although global estimates of pumary productivity 
have been prepaied (Lietli, 1972), there is a dearth 
of such data on a legional level Computer-aided anal- 
ysis of ERTS imagery provides the first opportunity 
to obtain legional estimates tlnough the mapping 
of cover type extent and the application of pio- 
ductivity values being made available for diffeient 
plant communities by the woik of the Intel national 
Biological Progiam (IBP) 

Colorado is facing a peiiod of intensive develop- 
ment. Land use planners in agencies such as the 
Foiest Service, Bureau of Land Management and 
many state and county oigamzations aie in need of 
numerical estimates of the "worth’' of natural com- 
munities Estimates of net pnmaiy production pio- 
vide one such numerical value for natural systems, 
which can also be compared with agiicultural pio- 
cluctivity data Moieover, comparisons of the pro- 
ductivity of an existing planned community with 
that of a (pioposed) modified community could facili- 
tate accmate assessment of the impact of such a 
change upon the existing animal populations, accord- 
ing to their energy needs, oi upon other moie gen- 
eral measuies of "carrying capacity 1 ’ for the com- 


Table A.31. Ward-Monarch plant productivity , level 
if . 


Type 

gm/m 2 /yr 

Percent area 

Deciduous 

1228 

34 

Coniferous 

1540 

35 4 

Raie lock 

0 

16 2 

Snow 

0 

37 

Dry tundra 

116 

11.5 

Wet tundia 

264 

16 5 

Willow- Krummholz 

1000 

10 7 

Water 

0 

26 


Tab/e A.32. Estimated net primary productivity. 

Type 

gm/m^/yr. 

Ward Monaich aiea 

753 

Agricultural land 

650* 

Tropical foiest 

2000* 

Boreal forest 

800* 

Tundra and alpine 

140* 


• from Whittaker, 1970 


munity. ERTS pioducts aie especially valuable in 
this context since the spatial lelationships of various 
communities (at several levels of scale) can be con- 
sideied during such analysis 

Evaluation of Costs 

In the computer classification analysis foi the 
Vallecito Intensive Study Aiea and the San Juan 
Mountain Test Site, the amount of time involved 
in handling of the data pnor to classification, devel- 
oping training statistics, classifying the data, and 
evaluating the results was caiefully recorded For 
comparison, INSTAAR kept tiack of the amount of 
time necessaiy to obtain covei types maps and areal 
estimates on a quacliangle by quadi angle basis, using 
manual interpretation techniques The type map was 
obtained by photo-interpretation (PI) of WB-57F 
color infraied photography Areal estimates were ob- 
tained by planimetenng the cover type map that 
lesulted from the airphoto mterpi elation effort 

Theie aie many ways in which one could approach 
this type of cost evaluation, and a vanety of costs 
which might have been included To pi event too 
many assumptions and ramifications fiom entering 
into the cost comparison in this study, the decision 
was made to limit the cost evaluation to a situation 
wheie only the actual costs involved m the analysis 
of the data is included The objective of the data 
analysis foi which these costs weie evaluated, was 
to obtain a Level I cover type map and a table of 
ateal estimates of the Level I cover types, and to 
provide some indication of the reliability of such 
cover type maps and areal estimates 

This study was not intended to evaluate the cost 
of computei and manual interpretation techniques 
under an operational type of environment, but there 
are a number of aspects m the cost evaluation study 
which should be understood in older to piopeily 
evaluate the results obtained Fust, costs were not 
included for the data acquisition, either by aircraft 
01 satellite A second assumption was that the data 
analysis was started with personnel who were trained 
in the pioper analysis techniques Thirdly, the per- 
sonnel weie familiar with the characteristics of the 
covei types in the study site be foie beginning the 
analysis and that adequate backgiound information 
concerning the chaiactenstics of the area was avail- 
able to the analyst at the outset of the data analysis 
Finally, overhead costs were not included There are 
many additional factors which could be consideied 
m the evaluation poition of such an investigation 
If one has complete confidence in the results of the 
computei classification that could be obtained undei 
an operational situation, many of the evaluation costs 
that weie included in this study could have been 
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reduced or eliminated The amount of Held time that 
could be spent in checking the results of either the 
photo-interpietation or the computer classification 
could vary considerably Therefore, since this study 
was not intended to evaluate the cost of computer 
and manual interpietation techniques under an op- 
erational type of envnonment, we limited the cost 
evaluation and comparison to those costs actually 
involved in the analysis of the data 
Two changes were made between the actual costs 
incurred m the study and those shown in the tables 
The first of these involves the salaiy of either the 
computer analyst or the photo-in terpretei In the 
actual study, qualified and well trained giaduate 
students weie utilized in the computei analysis and 
photo-mterpretation activities, but since a graduate 
student wage is much lower than noimally encoun- 
tered for a trained professional, we felt that it would 
be more realistic to develop a comparison in which 
the personnel costs were based upon a somewhat 
moie realistic salary, so used a figure of $10,400 per 
year for both data analysts 
A second point at which the actual costs differed 
from those shown on the tables involved the photo- 
mterpietation effort for the San Juan Mountain Test 
Site We did not peiform the photo-mterpreta- 
tion and develop a cover type map for all of the 63 
quadrangles within the San Juan Mountain Test 
Site However, cover type maps weie developed by 
photo-in teipretation techniques for all or poitions 
of 19 quadrangles within the test site From this 
infoimation, the average cost for photo-mterpretation 


and aieal estimation for a single quadrangle was 
calculated and these “per quadrangle*' costs weie 
used to determine what the cost would have been 
if we had finished the photo-mterpretation effort for 
the entire San Juan Mountain Test Site It should be 
emphasized that since more than a third of the 
entiie test site was actually analyzed with the photo- 
interpretation appioach, we feel confident that these 
cost figuies would be realistic for the entne test site 

The costs involved in the computer-aided analysis 
of the Vallecito Intensive Study Area and the San 
Juan Mountain Test Site are shown in Table A 33 
This table shows that the costs involved do not 
inaease at the same rate as the inciease m the size 
of the area (the cost per unit area does not remain 
constant) The size of the aiea classified inci eased 
by a factor of 42 when going fiom the Vallecito 
Intensive Study Aiea to the San Juan Mountain Test 
Site, wheieas the total cost increased only by a factor 
5 ($250 + $288 vs $300 + $2207 = $2507) This is 
because appioximately the same amount of time had 
to be spent in developing the training statistics for 
the Vallecito Intensive Study Aieas as for the San 
Juan Mountain Test Site, so the pcisonnel costs did 
not increase substantially m spite of the considerable 
increase in size of the area involved Most of the 
mciease in cost, when going to a laiger area, is due 
to the inciease in computer time requited In this 
case, that total computer time lequired increased by 
a factor of 8 Additional computer time is required to 
do the preprocessing (geometric collection) and the 
actual computer classification 


Tabie A.33. Computet classification fime ond costs for f/ie Valiec/fo intensive study area and the San Juan 
Mountain test site . 


Vallecito intensive study area 
(25,070 hectares) 


San Juan Mountain test site 3 
(1,011,740 hectares) 


Item 

Man 

hours 

Personnel 
cost (§) b 

Computer 
time (hr.) 

Computer 
cost ($)<= 

Man 

hours 

Personnel 
cost (§) b 

Computer 
time (lir) 

Computer 
cost ($)* 

Preprocessing 1 

20 

100 00 

0 012 

3 00 

20 

100 00 

3 824 

956 00 

Classification 

21 

105 00 

0 890 

222 50 

30 

150 00 

4 556 

1139 00 

Develop training stats 

(20) 

(100 00) 

(0 800) 

(200 00) 

(28) 

(140 00) 

(1 000) 

(250 00) 

Classification 

(1) 

(5 00) 

(0 090) 

(22 50) 

(2) 

(10 00) 

(3 556) 

(889 00) 

Tabulation and evaluation 
of classification results 

9 

45 00 

0 250 

62 50 

10 

50 00 

0 450 

112 50 

Test area evaluation 

(6) 

(30 00) 

(0 150) 

(37 50) 

(7) 

(35 00) 

(0250) 

(62 50) 

Areal estimate evaluation 

(3) 

(15 00) 

(0 100) 

(25 00) 

'(3) 

(15 00) 

(0 200) 

(50 00) 

Total 

Cost/hectare 
(Cost/ acre) 

50 

$250 00 
$0 010 
($0 004) 

1.152 

§288 00 
§0 012 
($0 005) 

60 

$300 00 
$0 0003 
($0 0001) 

8 880 

$2207 50 
$0 0022 
($0 0009) 


a San Juan Mountain test site (2,456,000 acres) is approximately 42 times as large as the Vallecito intensive study area (57,000 acres) 
b Based on a salary of §10,400 per year and no oveihead costs 
C Based on the Purdue Unnersity approved rate of §250 00/hr for the IBM 360/67 

<1 Includes reformatting and geometric coirectton of ERTS 1 data, and preparation of support data for analysis 
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In evaluating these results, it is also important to 
note that tins particular classification was done on 
a general purpose, medium-speed digital computer 
(IBM 360/67) The same type o£ piocess could be 
done much more economically on a special-pui pose 
high-speed digital computer. It appears that more 
cost-effective digital computei systems will allow the 
same type of classification to be performed for 
about 10% of the computer costs involved in this 
study, so futuie, operation data analysis activities 
will be much moie economical. (Landgiebe, 1973 ) 

The time and costs involved in obtaining type 
maps and areal estimates by photo-intei pretation., 
and plammetenng the type maps foi the Vallecito 
Intensive Study aiea and the San Juan Mountain 
Test Site are shown m Table A 34 The proceduies 
and techniques used for this photo-interpietation 
effoit were descubed earlier in tins chaptei The 
cost foi obtaining the results is directly propoitional 


to the size of the area, tlierefoie the cost per unit 
aiea is the same ($0 0046 per acre) 

Table A.35 is a summaiy of Table A 33 and Table 
A 34, comparing the total cost figuies for die Val- 
lecito Intensive Study Aiea and the San Juan Moun- 
tain Test Site, using both analysis techniques On a 
i elatively small test site, like the 23,07 0-hectar (57,000- 
acie) Vallecito Intensive Study Area, the photo- 
interpietation approach is moie cost-effective— about 
half of the cost foi computer-aided analysis However, 
when considenng a relatively large aiea, like the 
1,011,740-liectare (2,456,000-acie) Sail Juan Mountain 
Test Site, die photo-intei pi etation approach cost over 
four times moie than the computer-aided analysis of 
die same aiea 

These results show that for relatively small aieas, 
more time must be spent on developing and evalu- 
ating a computer classification and canying out the 
necessaiy piepiocessmg activities This quickly pushes 


Table A. 34. Time and costs involved in obtaining type maps and areal estimates by photo - 
interpretation and piammeferirig for the Vd//ecifo intensive study area and f/ie San Juan Moun- 
tain test site . 



Vallecito intensive 
study area 


Per quad 

Tn tire San Juan Mountam 
test site 

Item 

Man 

hours 

Personnel 

cost 

Man 

hours 

Peisonnel 

costs 

Man 

hours 

Personnel 

costs 

Preparation 

3 

$ 15 00 

2 

$ 10 00 

126 

$ 630 00 

Type mapping 
Planimetcr and 

40 

200 00 

27 

135 00 

1701 

8,505 00 

areal estimates 

9 

45 00 

6 

30 00 

378 

1,890 00 

Total 

Cost/hectaic 

(Cost/acre) 

52 

$260 00 
0 011 
(0 0046) 

35 

$175 00 
0 011 
(0 0046) 

2205 

$11,025 00 
0 011 
(0 0016) 


* Based on. a salary of $10,400 per year and no overhead costs 


Table A.35. 


Summary of fofai costs for computer aided-ana/ysis and pfiofo-inferpretafion* 


Vallecito intensive study area San Juan Mountain test site 

(57,000 acres) (2,456,000 acres) 


Item 

Computer 

dassification 

P-I 

Computer 

classification 

P-I 

Preprocessing or 

103 00 

15 00 

1056 00 

630 00 

preparation 

($1 15) 

($0 17) 

(3027) 

($0 16) 

Classification or 

327 50 

200 00 

1289 00 

8505 00 

type mapping 

($3 68) 

($2 24) 

($034) 

($218) 

Evaluation or 

107 50 

45 00 

162 50 

189000 

planimetering 

($1 21) 

($0 51) 

($0 04) 

($048) 

Total 

$538 00 

$260 00 

$2507 50 

$11,02500 


($6 04) 

($2 90) 

($0 65) 

($290) 

Cost/hectare 

$0 022 

$0011 

$0 0025 

$0011 

Cost/acre 

$0 0094 

$00016 

$00010 

$0 0046 


* Cost figures in parentheses are cost/square mile 
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the total cost and the cost per unit area above that 
lequired to carry out development of a similar set of 
lesults using photo-interpretation techniques. How- 
ever, when lelatively laige areas aie involved in the 
analysis, peisonnel costs for a computer-aided analysis 
become lelatively small and the computer cost itself 
becomes relatively small on a per area basis, whereas 
the photo-interpretation costs mcieasc m direct pio- 
portion to the size of the area involved Thus, for 
an area as laige as the San Juan Mountain Test Site, 


encompassing nearly 2 5 million acres, the total cost 
for computer processing is approximately 0 1^ per 
acie whereas die photo-interpretation is above 0 4 ] /2^ 
pei acie to obtain comparable products involving 
covei type maps and areal estimate tables The 
lesults obtained in tins comparison indicate the poten- 
tial for operationally utilizing computer-aided analy- 
sis techniques to map and tabulate areal estimates 
over large geographic areas in an accuiate, cost- 
effective, and timely manner. 
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Section B 

Hydrological Features Survey 

Contributors 

LARS INSTAAR 

S G Luther R G Bairy 

R M Hoffei C E Thorne 

M D Fleming S. E McVey 

D G Koutsopolous 


The Hydiological Features Survey was initiated to 
study the potential that an eaith lesources technology 
satellite would have on assessing the water ie$ouices 
for selected areas in Coloiado This section of the 
report addi esses that specific goal Results of the 
following four objectives will be leported: 

1 To map the extent and condition of snow and 
ice cover in a mountainous tenain using ERTS-1 data, 
and to map change in the snow state 

2 To determine if snow can be spectrally differen- 
tiated from clouds on ERTS-1 data 

3 To map the distribution and extent of water 

4. To study the fieeze and thaw sequence of moun- 
tain lakes 

The first objective is the most applications-onented 
as it deals with the supply of watei in a region where 
the quantity and legimen of water is critical to the 
economic well-being of the aiea Consequently, this 
objective has received the most intense investigation. 

Spectral separation of snow - from clouds is an im- 
poitant factor which determined the ability of com- 
puter-aided analysis techniques to perform inventories 
of snow cover extent and condition. 

Maps indicating the distribution and aieal extent 
of water in critical aieas of the test site aie included 
within this report Geneially, the lesults of the ERTS 
maps coincided with information from U S G S. topo- 
graphic maps Most discrepancies were caused by 
lakes which approximated the size of a resolution 
element (1 12 acies), or by fluctuations of lake levels 
which a dynamic system such as ERTS is capable of 
measuring 

The study of the freeze- thaw sequence of mountain 
lakes was accomplished by image-interpretation Ap- 
plication of ERTS data to studying this phenomena 
proved to be one of the more difficult aspects of this 
Hydrological Features Survey, due to frequency of 
data collection, cloud cover, and terrain shadows 

The two test sites (see Figuie B 1) for this conti act 
are in critical areas of water supply for the south- 
western United States Both test sites supply water to 
the Lower Colorado district which, according to a 1972 


National Water Commission Report, has a mean 
annual runoff of 3 19 BGD, fresh water consumption 
of 5 0 BDG and withdrawals of 7 2 BGD Obviously 
this district cannot supply its own water needs Watei 
fiom the Upper Colorado distiict, which has a mean 
annual lunoff of 13 5 BGD, satisfies the deficiency in 
the Lower Colorado In addition, the Rio Grande 
Reservoir, which is in the San Juan Mountains Test 
Site, is the headwater of the Rio Grande River, an- 
other water deficient distiict Thus the importance of 
studying all of the hydiological featuies of this aiea 
is clearly demonsti ated 

SNOW COVER MAPPING 

Climate and subsuiface geology combine to make 
water a scaice and valuable commodity in the western 
United States Most of the water supply comes from 
the spring and summer runoff of winter snow accumu- 
lations in the Rocky Mountains A network of leser- 
voirs has been constructed to conseive this resource 
to satisfy the water needs of urban communities and 
to provide water for irrigation In addition, this water 
is used for generating hydioelecti ic power and for 
providing recieational facilities The network is 
operated by various state and federal government 
agencies and private corporations 

In older to regulate these leservoirs properly, these 
agencies must have an estimate of both the discharge 
iequhed downstream and the concommitant recharge 
needed fiom the reseivoir's souice, which in most cases 
is a mountain stream. The objective of this xeseaich 
is to investigate methods by which ERTS-1 MSS data 
can be applied to the process of mapping snow cover, 
thereby enabling moie accuiate piedictions of runoff 
from mountain watei sheds 

Since the methods to be studied may vaiy in time, 
cost and practicality of application, paiamelers must 
be established to insure that the techniques involved 
are economically advantageous, i e , that similar m- 
foimation is provided at less cost than conventional 
methods or that increased cost is accompanied by addi- 
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Figure B.J. FRTS-Coiorac/o fesf sites. 


tional infoimation To meet these objectives this 
analysis has pmposely been kept simple in an effort 
to implement an operational system at a cost that 
would be acceptable to a user agency Other, moie 
complicated methods should be investigated at a basic 
research level 

Computer Aided Analysis Techniques 

The Animas River watershed above Howardsville, 
Colorado was selected as the test site for this phase 
of the study because, 1) it is located in the headwaters 
of the Colorado River, 2) it is wholly contained m the 
San Juan Mountain Test Site, and 3) good recoids 
exist for the gaging station at Howardsville The 
watershed boundary was physically located on four 
USGS iy 2 f topographic maps (see Figure B2) The 
boundary was defined by elevations, the stream net- 
woik and the location of the gaging station in i elation 
to the stieam 

Once determined and delineated, the boundaiy was 
manually transferred from the map to a giay scale 
printout at the same scale (1/24,000), by aligning the 
stream networks. The watershed was then defined 
on the ERTS imagery, using a series of line and 
column coordinates as individual “test areas,” thus 
piovidmg an accurate estimation of the total area 
of die watershed (Figure B 3). The data for frames 
1101-17208 (1 November, 1972), 1119-17204 (19 No- 
vember, 1972), 1173-17202 (12 January, 1973), 1191- 
17204 (30 January, 1973), 1299-17205 (18 May, 1973), 

\B6 


and 1317-17204 (5 June, 1973) weie all overlayed, 
rotated, and lescaled theieby eliminating the need for 
repetition of the outlining piocess These frames aie 
cloud free over the Animas River watershed 

In order to ascertain the accuracy of this type of 
aieal calculation, the relative size of a printer element 
must be known Previous investigations at LARS have 
indicated that each ERTS element contains 1 12 acres 
Furthermore, a total of 32,405 elements was contained 
within the wateished, so the area was calculated to be 
56 7 square miles Since that U S Geological Survey 
had estimated the area to be 55 9 square miles (see 
WSP 1925), and this coincided with an estimate ob- 
tained by plammeteung the area, the error intioduced 
by the computer tabulation, and human errors m out- 
lining the boundary was 1 5% Channel five digital 
display imagery for one of the flames (1119-17204) 
which, contains the wateished is shown m Figure B 4. 
This image consists of sixteen gray levels defined by 
the computer progiam, based on relative leflectance 
histograms of the aiea. 

To determine the areal extent of the snow cover, 
two channels, [one in the visible ( 6-,7/mi) and one in 
the IR (8-11/im)], weie used in conjunction with 
LARSYS ERTS MSS channels four and five weie 
generally saturated by the snow cover and the in- 
formation provided by each resulted m a singular 
correlation matux. This requned the elimination of 
one of these channels in order to implement the 
LARSYS processor 
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Figure B.2. Outline of Animas watershed 1:24,000 topographic map. 
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Figure B.3. Outline of Animas watershed on 1:24,000 
computer-printout. 


Two classes, “snow” and “other,” were then re- 
quested from the clustering processor, to generate 
the statistics for these classes which are shown in 
Table B.l. 

These numbers are dimensionless and indicate the 
relative reflectance of each class. Note that the mean 
of the class snow’ does not vary significantly between 
dates, and it approaches the saturation level, which is 
128 for band five and 64 for band seven. 

Each frame was then classified separately into two 
classes, snow and other, according to these statistics. 
Display maps of the classification results w r ere ob- 
tained, along with a table showing the number of res- 
olution elements within the watershed that were classi- 
fied as snow and the percentage of snow cover (an 
example of this type of output is shown in Figure B.5.). 




Figure 6 . 4 . Grayscale photograph of scene ID 1119- 
17204, November 19, 1973. 


By multiplying the number of resolution elements 
classified as snow’ by the 1.12 acres represented by each 
resolution element or by multiplying the percentage 
of snow’ cover, the areal extent of the snowpack can 
be quickly and easily calculated by this computer 
analysis procedure. Table B.2 gives a summary of 
the areal fluctuations of the snowpack. 

Figure B. 6 shows the classification results taken from 
the digital display. These include that portion of 
the area surrounding the Howardsville watershed. 

The relationship between area, snowpack density 
and total w ater content of the snow pack requires much 
additional study. However, ERTS can provide ac- 
curate, rapid measurements of the areal extent of the 
snowpack. 

Several intervening dates between January 30, 1973 
and May 18, 1973 have not been included in this 
investigation due to cloud conditions. Thus, this 
study clearly indicated that ERTS-1 frequency of 
coverage can rapidly decrease from once to every 18 
days to once every 36 or 54 days, a totally unacceptable 
condition for studying hydrological and other dynamic 
phenomena. 

One possible solution of the periodicity problem is 
an approximation which requires determining the 
relationship between area and elevation, and is re- 
ferred to as a hipsometric analysis. Areas of known 
elevation, i.e., areas w ithin contour intervals, are plani- 
metered and summed by increasing elevations. The 
areas are then plotted according to increasing eleva- 
tions. The resulting curve allows an investigator to 
readily determine the area at particular elevations or 
vice versa. 

This analysis w r as conducted on the Animas water- 
shed, and the resulting graph is indicated on Figure 
B.7. If the approximate snow elevation can be deter- 
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Table B.l . Spectral response of snow. 


Snow 


Other 


Dale 

ERTS 

band 

Mean 

relative 

reflectance 

Standard 

deviation 

Mean 

relative 

reflectance 

Standard 

deviation 

1 Nov. 1972 

5 

124.73 

7.01 

37.29 

18.21 


7 

56.75 

9.23 

13.15 

7.11 

19 Nov. 1972 

5 

123.43 

9.21 

32.21 

10.35 


7 

54.M 

10.66 

18.22 

6.96 

12 Jan. 1973 

5 

121.73 

11.17 

31.36 

10.31 

7 

52.32 

11.13 

18.59 

7.03 

30 Jan. 1973 

5 

122.45 

10.32 

30.01 

17.21 

7 

52.70 

10.78 

10.34 

6.72 

18 1973 

5 

125.33 

11.02 

50.44 

18.83 

7 

53.50 

17.42 

21.12 

5.50 

5 June 1973 

5 

125.98 

10.30 

45.89 

18.66 

7 

51.72 

15.26 

22.30 

5.90 


mined from ground observation or inferred by photo- 
interpretation of the satellite imagery, the areal extent 
of the snow pack can be approximated from the 
hipsometric curve. This method, however, does have 
one serious drawback. The snow cover is assumed to 
be evenly distributed above the particular snow line 
elevation for that time interval. Areas which have 
been blown free of snow, which have melted on south- 
facing slopes or which contain snow obscured by 
clouds are not taken into account. This method there- 
fore should be used only when direct areal measure- 
ments cannot be made. 

Temporal Analysis 

The general technique for determining ground 
cover changes between two passes is known as change 
detection. Several methods of analysis exist to do 
this. The data can be manipulated before any classi- 
fication is done and classified later, or the change de- 
tection can be done after the classification is com- 
pleted. 

For this study classifications were made for the 
area on the various dates, and then these classifications 
were compared. Before the classifications were at- 
tempted an overlay was made which aligned the 
data so a ground point could be located by the 
same line and column coordinates. Channels 1-4 
are the first date, and channels 5-8 are the second 
date so that two classifications exist for the same run 
number, the same area, but different sets of channels. 

This program was used to analyze the snow classifi- 
cation results as an aid to analyzing re-distribution pat- 
terns of snow within watersheds and to display the 
results as a third 4-class classification. The diagram 
B.l. illustrates this process. 

This program, CLASSCO, was run on the six 
classification results from the Animas River watershed. 
An example of this temporal analysis is shown in 
Figure B.8. 


Table B.2. Snow acreage fluctuations. 


Date 

Percent 
snow cover 

Total 

area (acres) 

Variation 

1 Nov. 1972 

76.1 

27636 


19 Nov. 1972 

68.3 

24791 

10.2% decrease 
since Nov. 1 

12 Jan. 1973 

62.6 

22731 

8.3% decrease 
since Nov. 19 

30 Jan. 1973 

65.1 

24757 

8.9% decrease 
since Jan. 12 

18 May 1973 

81.0 

30803 

19.7% increase 
since Jan. 30 

5 June 1973 

87.5 

33275 

7.4% increase 
since May 18 


The results of this comparison produce a third 
classification consisting of four classes: class one is 
snow on both dates; class two is snow on date 1 and 
non-snow on date 2; class three is non-snow on date 1 
and snow on date 2; class four is non-snow on both 
dates. Classes one and four indicate no change while 
classes two and three do show change. 

The number of possible classes in the result is 
multiplicative, i.e., the number of classes in the result 
is the serial multiplication of the total number of 
classes for each date. In equation form this is: 

X 

f = -th c, 

i = 1 

where F is the total number of resultant classes, Ci 
is the number of classes in the classification of date 
‘i’, and N is the total number of dates (or classifica- 
tions) to be compared. 

Snow Monitoring Cost Study 

A preliminary cost study of this procedure was made 
to determine the feasibility of measuring snow cover 
fluctuations with satellite data by computer aided 
analysis techniques. 
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LABORATORY FOR APPLICATIONS LF REMOTE SENSING 
PLRCUE UNIVtRSITY 


CLASSIFICATION SILCY 325546065 CLASSIFIED 

CLASSIFICATION TAPE/FILE NUMBER ... 59/ 

CHANNELS USED 


SEPT 12,1973 


channel 

2 spectral BANC 

C. 60 

TC C.7C MlCRCMtTERS 

calibration 

CCL E = 1 

CC 

= 0.0 

Channel 

4 spectral BANC 

c.ec 

TC 1.10 MICROMETERS 

CALIBRATION 

CODE * 1 

CD 

= c.c 





CLASSES 






CLASS 

WEIGHT 



CLASS 

WEIGHT 



l 

NS- 1/ 

C.GuC 


TEST CLASS PERFORMANCE 

2 NS- 2/ 

C.OCC 




GROUP 

NO OF 
SAMPS 

PCT. 

ccRcr 

NUMBER CF SAMPLES CLASSIFIED INTC 
NS- 1/ NS- 2/ 



l 

NS- i/ 

32367 

76 .2 

24654 7713 






tctal 

32367 


24654 7713 





CVEKALL 

FERFlRM ANCE! 

24c54/ 

32367) = 76.2 






AVERACE PERFORMANCE BY CLASS! 76.2/ 1) = 76.2 

Figure B.5. Snow cover calculation. 


The classifications with two channels and two classes 
cost $0.06 /square mile/ pass. The costs incurred by 
increasing the number of channels to increase the 
accuracy of the classification causes the CPU time 
to increase exponentially (Coggeshall and Hoffer, 
1973). This was one reason for specifying only two 
channels for the classification procedure. 

The CPU time required for the preprocessing tech- 
niques was substantially higher than the classification, 
and may or may not be considered necessary to obtain 
sufficient information. An 80 square mile area sur- 
rounding the Animas watershed was used for calculat- 
ing the preprocessing CPU costs. 

The cost of the geometric correction for the 80 
square mile area was $2.02/square mile which included 
SI. 75 in fixed costs and S0.27 in variable costs. Thus 
the cost/area could be substantially reduced by cor- 
recting much larger portions of the ERTS frames. 

The cost of one ERTS (4 channel) overlay for two 
dates on the 80 square mile area was $8.90/ square mile 
which included S8.00 in fixed costs and S.90 in variable 
costs. Again the cost/area could be reduced by over- 
laying larger areas. 

All of the time and cost estimates are based on the 
use of the LARS IBM 360/67 general purpose com- 
puting system. This system demonstrates how re- 
motely sensed data and computer aided analysis tech- 


niques can provide timely, quantitative determinations 
of snow cover in an inaccessable, but highly important 
region. ILLIAC or other high speed, special purpose 
computing systems can make this snow monitoring 
analysis much more cost effective. 

Field Survey 

The purpose of this field study w’as to monitor 
diminution of the winter snow pack. The area studied 
w T as along the Eastern Slope of the Front Range be- 
tween Rollins Pass and Estes Park. Altitudinally the 
site lay between 2,700 m and the Continental Divide 
(4,000 m). 

The area observed was approximately 900 km 2 and 
exhibited an elevational range of 1,300 m. A variety 
of topographic and vegetational conditions were repre- 
sented including glacial bowls, stream drainages, tun- 
dra and coniferous forest. All observations w*ere made 
on the eastern side of the mountains. 

Once every 7-10 days, observations were made at 14 
points along a north-south transect from Estes Park 
to Rollinsville and, from a panoramic viewpoint on 
Fairview Peak (2,515 m northwest of Jamestown). On 
days coinciding with ERTS-1 overpasses, ground 
photographs of individual snow collection areas as 
well as the entire study area were taken. Quantitative 
information from observation of the 14 points is in the 
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E. 18 May 1 973 , 1 299- 1 7205 F. 5 June 1 973 , 1317-1 7204 

Figure B.6. Classification results. 
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form of percent snow cover of a given slope, percent 
snow cover of a particular collection area, and eleva- 
tion of the lower snow line (an appendix of the field 
notes taken from June through August, 1973, is also 
included in this report). The study area can be 
divided into four general areas: Rollins Pass Tolland, 
Indian Peaks/Sawtooth Mountain, Longs Peak, and 
Estes Park. As the winter snow pack broke up, neces- 
sitating observation of more specific sites, each of the 
four areas was further divided into a number of 
specific bowls and areas. Preliminary study of the 
geometry of snow bowls and subsequent use of ele- 
mentary surveying methods of measurement would 
be necessary. Field reports through June 27, 1973, 
consist of observations of each of the four general 
areas. After 27 June each bowl or patch is described 
and discussed separately. Determination was made 
of a profile of the skyline peaks of the study area from 
Fairview Peak, with major peaks verified by alidade 
and plane table methods. 

One conclusion drawn from observations made dur- 
ing this field study is that the snow melt was char- 
acterized by three phases. The first lasted from the 
time of the last snow on June 4 until the end of 
June. During this period the melt proceeded uni- 
formly along the entire transect as was shown by 
the recession of a continuous snow line which ex- 
tended the length of the transect. There was dif- 
ferential elevation of this line depending on aspect 
of the slope. On N-facing slopes, the lower snow line 
was approximately 30-60 m lower than on S-facing 
slopes, but even this difference was consistent within 
the entire study area. Presumably the melt rate during 
this period was governed primarily by factors capable 
of having general infience over an area of 900 km 2 . 


Diagram B.l. 


Result 1 

Class 

Result 2 comparisons 

s <C^ 

S=snow N=non-snow 

S S-S 

v* c V 

\ 

^.S NS 

s-s 

^N N-N 

Snow cover on both dates 

S-N 

Snow cover changing to non snow cover 

N-S 

Non-snow cover changing to snow* cover 

N-N 

Non snow cover on both dates 
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such as climate, or by factors such as elevation whose 
influence would be consistent regardless of other 
local conditions. During this period quantitative ob- 
servations were made in terms of elevation of lower 
snow line. 

Fhe advent of the second phase of the snow melt 
pattern was characterized by the disappearance of the 
continuous lower snow line in late June. By June 27, 
this line was no longer visible from the ground, and 
snow cover appeared to be limited to discontinuous 
areas on a given slope or collection of slopes. During 
this period it seemed that the melt rate was controlled 
less by such general factors as weather and elevation 
than by factors causing differential melt within a 
particular local area, such as slope exposure, percent 
grade of slope, topography, substrate and vegetation 
cover type. Quantitative observations during this pe- 
riod were made relative to percent snow cover on a 
particular slope. Effect of sight angle viewing from 
downslope will tend to underestimate size of snow 
patches which linger on the upwind side of surface 
irregularities. 

As the summer progressed the melt pattern changed 
again, although at a point in time which was different 
for each area. During this third phase the snow was 



Size (acres) of 38 lakes in Ward Quad as planimetered from 
US6S 7 Topo map 

Figure B.7. Hyposometric analysis. 


entirely restricted to isolated collection areas which 
retained the snow long after nearby areas having the 
same aspect, elevation and exposure to weather were 
snow free. Presumably substrate, local relief, and 
microclimate were now' primary among the factors 
limiting diminution of snow cover. During this phase 
quantitative information was recorded in terms of per- 
cent cover of the original collection area. 

Results 

1. The lower limits of snow* cover were routinely 
demarcated on topographic maps. The high peaks had 
total winter snow cover during early-mid June. The 
visible slopes above 3,000 m had 80-90% cover on 6 
June diminishing to 25-30% cover on 15 August and 


5% on 23 August, except above 3,500 m where ap- 
proximately 20% cover remained on 23 August. The 
lower limit of snow cover rose by approximately 60 
m/week until the cover became discontinuous on 27 
June. 

2. Observations were made in July-August on 12 
selected snow bowls (depressions) and 10 snow patches 
((latter sites) representing a variety of topographic, 
elevational, and directional situations. By 23 August, 
3 bowl sites and 5 snow patch sites were clear of snow. 
Field measurements on 3 patches gave approximate 
extent of snow covered areas in the range of 22,500- 
76,000 m 2 on 23 August, representing generally 25- 
10% of the topographic depressions filled with snow 
in June. 



Figure B.8. Temporal analysis of ERTS scenes 1299-17205 and 1 31 7-17204— comparison of 
18 May, 1973 and 5 June, 1973. 
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3. Comparison of the snow cover extent observed 
in the field at selected sites on southeast-facing slopes 
of Nivvot Ridge (Front Range) above approximately 
3,400 m, with nearby measurements of net (all-wave- 
length) radiation, is shown in Figure B.9. The net 
radiation data were obtained by E. LeDrew in con- 
nection with an I.B.P. Tundra Biome Program (Proj- 
ect 6741 Energy Budget of the Alpine Tundra, 
Colorado). This project refers to averages for day- 
light hours when the net radiation is positive (aver- 
aged over 5-day periods). The shape of the snow 
cover depletion curve is closely similar to those pre- 
sented by Leaf (1971) for the second half of the melt 
season on the watershed in the Fraser Experimental 
Forest. The periods of rapid melt in early July and 
again from 8-20 August appear to coincide with 
spells of high net radiation (i.e., energy available for 
melt). 

Discussion 

The field data has shown that there is a temporal 
factor in the diminution of snow cover which should 
be considered in making areal and volumetric esti- 
mates of the winter snow pack. Furthermore, there 
may be a pattern to the temporal diminution in which 
the value of a particular factor influencing melt varies 
in time with its degree of local influence. 

Another implication deriving from the methods 
employed in the study is that the diminution of 
winter snow pack in the Front Range of the Colorado 
Rockies is characterized by its occurrence over a very 
large physical area as well as by its transient internal 
conditions. This problem does not lend itself easily 
to quantitative observations. The size of the area made 
it difficult to become familiar with the entire study site 
in a short time as well as to cover the entire area 
comprehensively. 

The skyline profile of the major peaks in the study 
area was invaluable in enabling the observer to locate 
himself in reference to observation sites often removed 
by a distance of several miles. Another problem 
caused by the large study area was that of the imprac- 
ticability of making on-site observation and measure- 
ment, and thus, only estimates could be made. 

For comparison with the data on diminution of 
snow cover, we have taken runoff and precipitation 
records from the basin of the North Boulder Creek 
watershed (27.8 km 2 ). The gaging station for the 
watershed is located at 2,885 m (40°00'51"N, 105° 
33'20"W), and the precipitation station is in the 
Green Lakes Valley at 3,570 m. Sixty-five percent of 
the basin is tundra and thirty percent forest. Runoff 
totals were provided on a daily basis by T. Platt 
(City of Boulder), and precipitation records and evap- 
oration estimates (based on 0.4 x potential evapora- 


tion, determined from energy budget measurements) 
were provided by T. Carroll (INSTAAR). The re- 
duction of snow covered area (in the Front Range 
section ) and the snowmelt runoff estimated from these 
data for the basin are shown in Figure B.10 which 
can be compared with the results of Meier (1973). 
These results, while not definitive, are at least sug- 
gestive of the potential application of data on snow 
cover reduction to water yield in alpine and sub- 
alpine areas of the Rocky Mountains where conven- 
tional hydrological data are scarce and costly to obtain. 
Given more frequent satellite coverage, in order to 
guarantee obtaining clear frames at about 7-day in- 
tervals, and selected point observations on snow pack 
depth and water equivalent, it is probable that uselul 
estimates of water yield could be readily provided 
on a routine basis for a fraction of the present moni- 
toring costs. Other difficulties arose from the transient 
nature of snow conditions. The purpose of the study 
was that of monitoring snow changes and presumably 
the rate of change is not constant. Consequently, 
more frequent observations might be required at 
one time than another. 

A further problem developed from the unquanti- 
fiable nature of observations of snow changes. This 
difficulty is due in part to lack of on-site observations, 
and the consequent use of estimates and subjective 
judgments. However, the greater part of the problem 
is due to the fact that the nature of the process 


ly mm -1 



Figure B.9. Comparison of extent of snow cover 
from field observations with measurements of nearby 
net radiation. 
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being observed changed completely over the period 
of observation such that the parameters described 
at the beginning of the field season were not those 
described at the end. For example, initial observations 
were descriptions of the elevation of the lower snow 
line and some general observations regrading the 
rate of ascent of this line. When the winter pack 
broke up into patches during the last week in 
June, this type of observation was no longer use- 
ful. The descriptive method became the percent 
of snow cover of various characteristic slopes. How- 
ever, a “slope” is in most cases an arbitrarily defined 
entity. Except for aspect and elevation there was 
rarely an objective standard by which one slope could 
be differentiated from the next. Also, at some point 
which differed for each site, the winter snow pack 
was reduced entirely to separate and distinct collec- 
tion areas, all other surfaces being bare. This change 
of conditions once again rendered previous types 
of description inapplicable. Where the snow cover 
was described in terms of percent cover of an entire 
slope, the descriptions were then in terms of percent 
cover of the particular collection area. 

Lack of data from previous years was a limitation. 
With the exception of some obvious glacial bowls, 
the collection areas which were to hold snow all 
summer could not, in July, be distinguished in any 
way from those which were to melt off in several weeks 
time. The consequence was that observations were 
being made on several scales simultaneously: eleva- 
tion of lower snow line, percent cover of total slope, 
and percent cover of each particular collection area. 


Suggested Methodology for 
Snow Cover Observations 

/. Preseason observer preparation 

A. In the lab 

1. The observer should gain familiarity with 
the objectives of his field work through dis- 
cussion with his supervisor, perusal of the 
grant proposal, and reading of similar work 
done elsewhere. 

2. The observer should gain familiarity with 
the particular area to be studied through 
perusal of previous years data, U.S.G.S. and 
U.S.F.S. aerial photography, and any avail- 
able satellite and underflight frames. 

B. In the field 

1. A preliminary field run should be made by 
the observer with a view to being able to 
spot with accuracy the areas under observa- 
tion on U.S.G.S. topographic sheets. 

2. A field itinerary should be prepared, taking 
into account the facts that the utility of 
various points for observations varies as the 
season progresses, that some sites are best 
approached from one direction and other 
sites are best approached from another direc- 
tion, and that some observations are best 
made from a distance of many miles. 

3. Observation sites should be shot with a Haga 
altimeter to provide an accurate standard for 
future elevational estimates. 
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Figure B.10. 


Reduction of snow-covered area and snowmelt runoff estimates. 
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4. The observer should attempt to locate each 
persistent collection area in the field with the 
aid of previous years’ maps and ground 
photography in order to make consistent 
observations on subsequent field runs. 

5. A preliminary observation from the pano- 
ramic viewpoint should be made to provide 
a sense of scale for later observations as well 
as a general view of the area as a whole. 

6. Field materials should be gathered. These 
include: 7.5 minute U.S.G.S. topo sheets of 
the entire study area, U.S.G.S. 1:250,000 
sheets of the study area, camera and film, 
data sheets, xeroxed copies of portions of 
the 7.5 minute topo sheets showing each ob- 
servation site for mapping purposes (one for 
each field run), binoculars, Haga Altimeter. 

II. Field observaton from automobile and panoramic 
view point 

A. Each field observation should be recorded on a 
standard data sheet (Figure B. 1 1). 

B. Each field report should be accompanied by 
ground photographs if possible. 


C. Ground reconnaissance and measurement of 
area and depth of accessible collection areas 
should be scheduled and completed as early as 
weather and melt conditions permit. 

Evaluation of INSTAAR Interpretation of ERTS-1 
Imagery for Snow Cover Mapping 

The potential utility of ERTS-1 for monitoring 
snow cover diminution was evaluated on the basis 
of photo-interpretation of ERTS-1 imagery for the 
Front Range and San Juan study sites. Image inter- 
pretation was limited to a 15 km strip (750km 2 ) of 
the Front Range Ground Study Area which extends 
for 50 km from Rollins Pass northward to Estes Park. 
This subsection was the largest unit for which cov- 
erage was available and at least 80% cloud-free on 
all frames for the spring-summer period under con- 
sideration. Ground study covered the period from 
6 June to 16 August, 1973. Frames for 1334-17135, 
1352-17134, 1370-17133, and 1588-17131 were used in 
the manual interpretation evaluation (Figure B.12.). 

The San Juan study site was restricted to the 
Cunningham Gulch watershed on the Animas River 


Date: Field Measurement Panorama Auto Run 

Weather description: 


Observation Point 

Area observed: Patch or Bowl # 

Boundaries of area observed: 

Elevation range ft. 

Horizontal range ft. 

Other descriptive features: 

Aspect: 

Vegetation cover type: 

Substrate: 

Percent snow cover of area: 

Total slope % 

Collection area % 

Melt pattern: 

Ground photo Identification: 

Roll // 

Photo // 

Field measurements: 

Depth Area 

Other observations: 


Figure B.U. Sample data sheet. 
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drainage. This area is located northeast of Silverton, 
Colorado. The site was at least 80% cloud-free on 
frames for 5 June and 29 June but was 80% cloud- 
covered on frames for 29 July and 16 August. The site 
was altogether excluded on the 1 1 July frame (Figure 
B.13.). No ground observations were made. 

Image interpretation consisted of mapping either 
the lower snowline or the boundaries of discrete snow 


patches from each overpass image onto base maps 
with the Bausch-Lomb Zoom Transfer Scope. The 
United States Geological Survey, Western United 
States 1:250,000 series were used for the base maps, 
the Greeley sheet for the Front Range, and the 
Durango sheet for the San Juans. 

The snowline on the clear frames could be deter- 
mined with confidence to the nearest contour (60 m) 
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Frame 1554-17115 June 22. 1975 


X 40 0*4 

IV 105 c 30' 

4n 40° 15' 



! • /W- ■ 'tf o O-5'l; y Ij V 



Frame 1370-17133 July 2S, 1973 


Continuous snow cover 


10 04 


Discontinuous snow cover 



Frame 1 389- 17190 August 16, 1973 
Cloud-cloud shadow 


Figure B.12. Manual image interpretation of temporal changes in snowmelt pattern , front range, Colorado, 
Indian Peaks test site. 
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interval, as reported also by Meier (1973) for map- 
ping at the 1:250,000 scale. We found that the use of 
the Zoom Transfer Scope helps to eliminate some of 
the subjectivity of snowline determination. 

In evaluating the usefulness of the ERTS-1 imagery, 
two factors were considered: first, the effectiveness 
of the satellite overpass system as a means of monitor- 
ing snow cover changes; second, the suitability of the 
imagery as a basis for snow cover mapping. 

The 18-day interval between overpasses provided 
six passes during the summer field season from 5 
June (1317-17204) through 3 September 1972 (1407- 
17193). Cloud cover greater than 50% rendered two 
of the six images for the Indian Peaks test site usable 
for snow mapping at each of the two study sites. 
Scheduling the overpass even earlier in the morning, 
or scheduling two overpasses on subsequent days, 
could help to resolve this problem. All or part of 
the study area was excluded from the frame on three 
Front Range passes and one San Juan pass due to 
the particular orientation of the image. 

The snow-covered area in the Front Range study 
site decreased over the period as follows: 

Percent of 
area (750km 2 ) 

22 June (1334-17134) 33.5 

11 July (1353-17192) 8.3 

16 August (1389-17190) 3.2 

These figures exclude snow cover beneath forest 

canopies. Coniferous forest vegetation blocked re- 
flectance from underlying snow. Early in the season, 
before the snowline has receded above the montane 


forest zone, this problem may introduce a substantial 
error. However, it is worth noting that assessment of 
snow cover beneath trees presents major difficulties 
also with respect to field observations. 

Suitable imager)' was available for the Cunningham 
Gulch site only on 5 June (1317-17204). The snow- 
covered area was 43.8% of the total study site with 
an estimated additional 32.5% for snow cover under 
upper montane forest, giving a total of 76.3%. 

The field observations in the Front Range, discussed 
above, demonstrated temporal changes in the snow- 
melt pattern. Three stages were recognized (Figure 
B.12.). The first stage appeared from the ground 
to terminate with the break-up of the homogenous 
winter snow pack into patches between the observa- 
tions of 20 June and 27 June. Imagery from the 28 
June overpass shows the lower snowline to have 
broken up in many places along the transect. How- 
ever, the timing of this phenomenon cannot be 
pin-pointed due to cloud obscuration on the preceding 
pass on 22 June. The second state was the melting of 
the snow fields until only persistent patches remained 
and the third stage was the gradual melting in these 
accumulation sites. Both stages are observable on the 
imagery as well as in the field. However, many of the 
persistent patches had a final minimum area of 
0.02 km- or less and were not visible on the imagery. 

Identification of snow patches visible on the imagery 
throughout the 1973 field season suggests areas for 
further ground observation. 

The FRTS system has obvious advantages over con- 
ventional methods of monitoring snow cover changes. 
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Frame 1317-17204 June 5, 1973 

Continuous snow cover □ Discontinuous 


snow cover 


Frame 1335-17203 [line 23, 1973 
Cloud-cloud shadow 


Figure B.13. Manual image interpretation of temporal changes in snowmelt pattern, Cunningham Gulch 
watershed near Silverton, Colorado , San Juan Mountains test site . 
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In particular, the satellite is able to survey a study 
area which is vast, difficult of access, and often in- 
visible from the nearest roads. A further advantage 
lies in the satellite’s potential capability of record- 
ing temporal changes with some degree of accuracy. 

The chief problem in the manual mapping effort 
from ERTS-1 imagery resulted from resolution limita- 
tions of the imagery at a scale of 1:250,000. Patches 
less than 1 km on a side could not be located with 
accuracy. A larger scale would facilitate the mapping 
procedure as well as increase the accuracy of plani- 
metric calculations. 

Image interpretation techniques alone allowed sep- 
aration of three cover classes: 100% snow cover, 100% 
snow free, and intermediate degree of cover. Although 
the intermediate class was observable on the imagery, 
it could not be separated visually from the other 
classes when the cover became discontinuous. Field ob- 
servations in the Front Range confirmed the presence 
of various intermediate stages ranging from 10% to 
50% snow cover. Automatic data processing techniques 
would be useful in making finer distinctions among 
classes, but extensive field checking with ADP pro- 
duced maps would be necessary to establish quantita- 
tive descriptions of such classes. 

The field work done in conjunction with the 
ERTS-1 overpasses was of value in providing direct 
knowledge of the areas being mapped manually. 
Depth measurements made in the field would extend 
the utility of the imagery by one dimension since 
volumetric calculations could then be made. The field 
observations were also useful in attaching an approxi- 
mate value to coverage classes, and would be even 
more useful in subsequent years as specific selected 
areas could be closely monitored. 



Figure B.14. Training fields of snow and clouds. 


SPECTRAL DIFFERENTIATION OF 
SNOW AND CLOUDS 

Determining the capability to use ERTS-1 data for 
spectral differentiation of snow and clouds has been 
another important objective of the Hydrological Fea- 
tures Survey. Such a capability is mandatory if ac- 
curate classification and areal estimates of snow cover 
(discussed in the previous sections) are to become 
operational by using computerized analysis techniques. 

A detailed statistical analysis has been completed 
on frames 11-01-17203 (Nov. 1, 1972), 1136-171 11 
(Dec. 6, 1972), and 1299-17205 (May 18, 1973). These 
frames contain portions of the State of Colorado in 
which the ground elevation exceeds 5,000 feet. All 
areas include snow cover and clouds. 

These areas of cloud and snow were outlined on the 
digital display to obtain the line and column co- 
ordinates. A photograph of frame 1299-17205 with 
the area boundaries is shown in Figure B.14. The 
areas were defined as snow and cloud by photo- 
interpretation, and attention should be paid to shadow 
patterns usually associated with such cumulus clouds. 
The interpreters could see no difference in spectral 
response in any wavelength band available on ERTS-1. 

Statistics of the spectral response of these were then 
obtained from LARSYS and compared. Figure B.15 
contains the coincident spectral plots, means and 
standard deviations for clouds and snow respectively 
for the data obtained on November 1, 1972 (1101- 
17203), December 6, 1972 (1136-17141), and May 18, 
1973 (1299-17205). These results indicate saturation 
by clouds and snow of all four channels of the ERTS-1 
multispectral scanner system and therefore, the spec- 
tral separation of these clouds and the surrounding 
snow ? is not generally possible with the present system, 
even for dates ranging from November to May, which 
presumably would include a reasonable variation in 
snow conditions. 



RELATIVE RACHANCE VALUES 


Figure B.15. Statistical analysis of the spectral re- 
sponse of snow and clouds. 
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FREEZE-THAW SEQUENCE OF 
MOUNTAIN LAKES 

Previous photo-interpretation has demonstrated the 
feasibility of using ERTS imagery to study the freeze 
of mountain lakes. Therefore, four water bodies at 
various elevations were observed with this objective in 
mind. As expected, the water bodies at the highest 
elevations froze first. Table B.3 indicates the freeze 
sequence of the lakes according to the 18 day period 
of the satellite. 

More frequent coverage of the test site by future 
satellites would yield sufficient data to make possible 
a study concerning the freeze-thaw sequence as a 
function of lake size and elevation. However, with 
the present 18-day period of ERTS-1 this is not 
possible. 

SPECTRAL SEPARATION OF 
WATER AND SHADOWS 

The objective of this investigation was to map the 
distribution in the areal extent of surface water in 
a mountainous environment. One of the difficulties 
foreseen was that of spectrally differentiating cloud 
shadows and water bodies. This difficulty also con- 
cerns the fifth objective (study the temporal aspects 
of the freeze and thaw of mountain lakes) in that 


clouds and consequently cloud shadows were expected 
to be in the vicinity of the specified test sites during 
the critical freeze and thaw periods. 

The first step in accomplishing the spectral differ- 
entiation was to define areas of water and cloud 
shadow. This was accomplished on the LARS Digital 
Display. An example of this phase of the analysis 
sequence is shown in Figure B.16. The statistics for 
the areas were then requested from the LARSYS 



Figure B.16. Training fields of water bodies and 
shadows. 


Table B.3. Freeze-thaw sequence of mountain lakes as determined from ERTS data. 



1 O-open. C-clouded, F-fronze. P-partially frozen. X-not available. 
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software package The resulting giaphical comparison 
of spectral response of water and shadow aieas is 
shown in Figure B.17. Interpietation of this giaph 
indicates that the spectral diffei entiation can be ob- 
tained thiougli use of ERTS-1 data from the visible 
portion of the spectium, but not in the reflective 
infraied wavelengths* 

LAKE INVENTORY 

One of the objectives defined as pait of the Hydro- 
logical Featuies Survey in the ERTS-Colorado pio- 
posal was to map the distribution and aieal extent 
of surface water Early in the project, it was quite 
obvious that laige water bodies could be accurately 
identified and mapped using the two inflated chan- 
nels available from the ERTS data, piovidmg topo- 
giaphic and cloud shadows did not cause confusion 
The difficulty in spectially separating water and 
shadow areas has been described above Because of 
the resolution of the ERTS scanner system and the 
laige numbei of small lakes, one of the key questions 
involved m this pioject involved the evaluation of 
the ERTS scanner system foi identifying and locating 
these small water bodies 

The Indian Peaks Test Site (paiticularly Ward 
Quad) was used for this analysis USGS topogiaphic 
maps were used to identify and number all lakes less 
than 50 acres in size m the Ward Quad, and plani- 
meter estimates of the areas weie then obtained fiom 
them* The ERTS data were then analyzed by com- 
pute, and a classification map indicating all water 
bodies identified by the computer-aided analysis tech- 
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Figure B.17. Spectral response of shadows and 
water bodies. 


niques was printed out A previously defined con- 
versation factor of 1 1487 acies per ERTS lesolution 
element was utilized to calculate acieage for all of 
these water bodies identified on the computer print- 
out A graph was plotted to show the lesults of the 
acieage comparison for each of die lakes involved. 

The abscissa of that graph indicated the size of 38 
lakes m Ward Quad, Coloiado. Forty-three lakes are 
actually contained within the Quad, however, the 
remaining five were so varied m size and substantially 
laigei than the others that a lepiesentative sampling 
could not be obtained and hence they were deleted. 

The ordinate of the graph indicates the percent 
enor as obtained by. 

En or = | A e — A m j X 100 
A 

Where A B = area obtained fiom ERTS 

A it = area obtained fiom USGS map 

The lesulting best-fit curve was geneiated from a 
second order polynomical regiession program 

The cuive indicated a geneial trend of the eiror 
of areal estimation as determined by ERTS (as com- 
pared to a USGS topo map) exponentially dea easing 
as the area increases However, this curve should not 
be used to interpolate or extrapolate absolute ac- 
curacies by any investigator 

Lake Inventory Classification 

The initial objective of the lake inventory was to 
piovide base data to assist m the analysis and inter- 
pietation of the temporal and spatial patterns of 
freeze-up and bieak-up of water bodies in a section of 
the Coloiado Fiont Range The limited availability 
of clear flames about the critical dates eliminated 
this project, but the lake inventory was used to 
evaluate the utility of ERTS data for mapping the 
distribution of suiface water bodies and determining 
their aieal extent This problem is of vital interest 
in terms of water availability for domestic and com- 
mercial consumption m the Piedmont area, for in- 
dustrial process, especially those relating to potential 
oil shale developments, and for recieational purposes 

Inventory 

Data were taken from fouiteen 1*24,000 USGS 
quadrangles, covering a section fiom Rollins Pass to 
Trial Ridge, on all lakes (961) with a long axis greater 
than 50 feet (15m) Lake aiea was estimated from the 
area of an ellipse fitting the long axis, and one 
peipendicular to it at the widest point of the water 
body Elevation of the lake was referred to the nearest 
40 ft contour below the lake Table B 4 summarizes 
the lake areas by elevation for the eastern and western 
slopes. 
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Tab/e B.4. lake areas by elevation for the eastern and western s/opes. 






AREA CATEGORIZATION (IN THOUSANDS OE SQUARE FEET) 




Elevation 

<22.5 

22,5 50 

50-100 

100-250 

250 500 

500-750 

750 1000 

1000-2000 

2000 5000 

>5000 

Total 

EASTERN SLOPE 
7200 35,325 

35,325 

0 

0 

0 

Square feet 

0 

0 

0 

0 

0 

70,650 

7600 

78,500 

190,362 

0 

1,091,150 

0 

0 

0 

0 

0 

14,012,250 

15,372,262 

8000 

182,748 

200,175 

761,450 

192,325 

0 

0 

0 

0 

2,256,875 

7,899,062 

11,692,635 

8400 

569,831 

655,475 

561,275 

1,254,037 

1,177,500 

0 

879,200 

1,632,800 

0 

0 

6,730,119 

8800 

690,800 

386,612 

192,325 

1,159,837 

1,566,075 

1,083,300 

942,000 

0 

0 

0 

6,020,950 

9200 

298,300 

414,087 

459,225 

453,337 

647,625 

1,163,762 

918,450 

0 

0 

8,030,550 

12,385,337 

0600 

190,362 

492,587 

113,825 

955,737 | 

757,525 

518,100 

800,700 

0 

0 

0 

3,828,837 

10000 

201,012 

498,475 

505,325 

1,036,200 

1,157,875 

576,975 

1,758,400 

0 

3,159,625 

0 

8,954,887 

10400 

201,012 

209,987 

445,487 

993,025 

1,783,912 

1,738,775 

2,488,450 

5,226,137 

3,159,625 

0 

16,306,412 

10800 

296,337 

514,175 

633,887 

1,491,500 

1,254,037 

3,293,075 

0 

3,981,912 

4,121,250 

0 

15,586,175 

11200 

425,862 

410,162 

877,237 

1,781,950 

2,653,300 

3,300,925 

969,475 

2,892,725 

0 

0 

13,311,637 

11600 

247,275 

382,687 

413,012 

788,925 

5,216,325 

3,752,300 

0 

1,267,775 

0 

0 

12,073,300 

12000 

45,137 

0 

119,150 

808,550 

0 

588,750 

867,425 

0 

0 

0 

2,459,012 

12400 

3,925 

86,350 

0 

0 

0 

0 

0 

0 

0 

0 

90,275 

12800 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

13200 

0 

0 

0 

0 

251,200 

0 

0 

0 

0 

0 

251,200 

TOTAL 

3,586,429 

4,476,462 

5,118,200 

12,006,575 16,465,375 

16,015,962 

9,624,100 

15,001,350 

12,697,375 

29,941,862 

124,933,692 

WESTERN SLOPE 
7200 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

7600 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

8000 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

8400 

19,025 

0 

78,500 

0 

0 

0 

0 

0 

0 

6,908,000 

7,006,125 

8800 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

9200 

11,775 

c 

54,950 

0 

0 

0 

0 

0 

0 

0 

66,725 

9600 

39,250 

0 

0 

153,075 

0 

0 

0 

0 

0 

0 

192,325 

10000 

82,425 

98,125 

0 

235,500 

1,122,550 

0 

0 

1,868,300 

0 

0 

3,406,900 

10400 

51,025 

58,875 

149,150 

0 

677,062 

706,500 

0 

1,161,800 

0 

0 

2,804,412 

10800 

266,900 

229,612 

117,750 

726,125 

1,880,075 

1,136,287 

816,400 

1,444,400 

0 

0 

6,617,550 

11200 

382,687 

396,425 

516,137 

1,256,000 

1,911,475 

0 

816,400 

0 

0 

0 

5,279,125 

11600 

143,202 

180*550 

78,500 

157,000 

0 

735,938 

967,512 

0 

0 

0 

2,202,762 

12000 

7,850 

0 

0 

0 

0 

0 

0 

0 

0 

0 

7,850 

12400 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

12800 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

13200 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

TOTAL 

1,004,800 

963,587 

994,987 

2,527,700 5,591,162 

2,578,725 ' 

2,600,312 

4,474,500 

0 

6,908,000 

27,613,775 



Evaluation 

The first step was to evaluate how representative 
the USGS quadrangles were m regaid to the por- 
trayal of watei bodies The Waid quadrangle was 
chosen to determine the level of accuracy o L a) lakes 
included, and b) size of lakes A Bausch and Lomb 
Zoom Transfer Scope was used to compare aircraft 
coverage with the base map For the Ward quad- 
rangle only 5 lakes ranging m size from 20 to 100 feet 
(long dimension) weie not represented on the map 
Theie are more than 100 lakes of various sizes shown. 
The percentage of non-iecorded lakes is relatively 
small For natural bodies of water no significant 
diffeiences m water line due to seasonal changes 
weie detected For artificial impoundments the water 
line fluctuation is due to ownership conti ol and does 
not reflect seasonal changes Theiefoie, the total areal 
extent of water bodies not represented on USGS 
quadrangles is anticipated to be negligible 

Approximate locations of 14 USGS quadi angles 
were delineated on the pi in tout (unsealed, geometri- 
cally uncorrected) of part of the Indian Peaks Test 
Site Only NSCLAS-6 was displayed fiom a 6 class 
breakdown in anticipation that this would depict 
water bodies This pielimmary classification was eval- 
uated by comparing the printout to the USGS 
quad base maps, Mission 211 and Mission 248 anci aft 
coveiage of the area, and ERTS lmageiy (Fiame 
1352-17134 bands 4, 5, 6, and 7) 

Examination of the computer classification piint- 
out depicting water bodies indicated the following 

1 Water bodies which have a long axis less than 
150 feet are not represented on the printout 

2 Watei bodies which have a long axis 150 to 400 
feet are usually not lepresented (only 5-10% are lep- 
lesented) 

3 Water bodies which have a long axis greater 
than 400 feet are generally depicted (90-95%) 

A major pioblem encounteied relates to shadows 
which are also displayed on the printout The pie- 
limmary classification has not separated shadows from 
water bodies The shadows caused by clouds and 
topography were indicated on the puntout. The loca- 
tion of one cloud obscured a cluster of four moderate 
sized lakes (Gieen Lakes #1, #2, #3, and #4 m the 
NW sector of the Ward quadi angle) In a few in- 
stances cloud shadow or topographic shadow was 
paitially imposed on a watei body which alteied the 
shape and size as depicted on the pi in tout The oio- 
grapluc shadows at the time of the ERTS pass (0913 
hours MDT) were primarily assoaated with steepened 
noith-facmg slopes, west- and northwest-facing slopes, 
and in general they were accentuated west of the 
Continental Divide 


The areal extent of each impoundment within the 
Ward quadrangle was determined by using a dot 
plammeter and a Biuning mylar dot areagraph (97% 
degree of precision). The lesults of the lake inventory 
using U S.G S. topographic map (1 24,000 scale) and 
ERTS-1 lmageiy (1.1,000,000 scale) indicate 1) 134 
water bodies are present in the Ward quadrangle 
with a size lange of appioximately 15 m to 1,200 m, 
and 2) a total water-covered area of 3,355,577 m 2 

SUMMARY 

Results of this investigation have conclusively 
pioven that the aieal extent of snow cover m moun- 
tainous ten am can be mapped rapidly and econom- 
ically by using ERTS-1 MSS data and computer-aided 
analysis techniques (CAAT), providing cloud free 
data can be obtained Temporal changes in the aieal 
extent of the snow cover weie quantitatively deter- 
mined by gometncally correcting the data to a scale 
of 1 24,000 and ovei laying six data sets ranging in 
date from 1 November, 1972 to 5 June, 1973 This 
ability should give hydiologists a new tool for pie- 
dicting runoff m a mountainous terrain 

A major problem encounteied m this investigation 
however, was a difficulty in obtaining cloud fiee 18- 
day sequential data from ERTS If one or two over- 
passes weie clouded the frequency of coverage could 
rapidly be decreased to either 36 or 54 days which is 
unacceptable for hydrological or other dynamic phe- 
nomena Therefore, the fiequency of coveiage of 
future Earth Resource Satellites should be increased 
to 6 or 9 days to alleviate this problem 

Analysis of three data sets has indicated that snow 
and clouds over a mountainous terrain cannot be 
spectrally diffeientiated with either the visible or 
near IR detectois in the ERTS-1 MSS Two problems 
were encountered heie. Fhst, both the snow and 
clouds were causing the detectors to saturate and 
theiefore provide the same spectial response for both 
cover types However, clouds and snow weie both 
believed to have the same spectral response m the 
visible and the near infrared portions of the electro- 
magnetic spectrum. Therefoie modifying the gam 
settings on the MSS would eliminate the saturation 
pioblem, but would not cause a spectial differentiation 
to occur To alleviate this pioblem in future scanner 
systems, detectors in the middle infrared portion of 
the electromagnetic spectium (i.e , 1 55 to 1 75^m or 
2 10 to 2 35/im) should be included 

The accuracy of measuring the suiface aiea of 
watei bodies with the MSS data increases as the size 
of the lakes increase. For example, lakes which weie 
smaller than five acies could not be determined with 
an accuracy exceeding 55%, while lakes larger than 
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25 acres could be estimated with an accuracy of ap- 
proximately 85% 

The best spectral sepaiation of water and shadows 
is provided by ERTS Band 4 (0 5 to 0 6/im) The 
other three bands indicated a similar spectral re- 
sponse for both water and shadows 
The freeze- thaw sequence of mountain lakes can 
be monitored fiom ERTS images This can be done 


rapidly and accurately by using ERTS Band 7 which 
includes a water absorption legion of the electro- 
magnetic spectrum. Difficulties were again encountered 
however, with cloud cover over the test site which 
decreased the fiequency to 36 or 54 days Conse- 
quentially, unacceptable gaps occur in the data used 
for monitoring the freeze- thaw sequence of mountain 
lakes 
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Successful geomoiphic analysis by computer aided 
analysis techniques piesumes that a recognizable eco- 
system is associated with geologic material and surface 
form. To map geologic materials by any remote sens- 
ing technique it is necessaiy to assume 

L That subsurface materials will manifest them- 
selves as spectrally sepaiable classes at the earth's 
suiface 

2 That lithologic types aie naturally segregated 
into a limited number of disci ete compositional and 
textural categories which can. be recognized and classi- 
fied by pattern lecognition proceduies 

ERTS-1 sensois detect only the spectral characteris- 
tics of tire surface material. Seldomly will a lithotype 
be exposed to the surface Therefore, the identity of 
geologic matenal underlying most aieas must be in- 
fened from the identity of the suiface covei. Many 
biologic cover types possess an affinity for soils with a 
paiticular chemical and physical composition The 
chemical and physical properties of soils are in turn 
highly dependent on the geologic parent material 
from which they are derived Consequently, covei type 
may leflect the character of the underlying geological 
lithotype Additionally, many surface hydrologic 
characteristics aie highly dependent upon the chemical 
and physical cliai actenstics of soils and consequently 
upon lithologic paient matenal Thus, in attempting 
to identify geologic matenals by remote sensing tech- 
niques it is necessary to develop an understanding of 
the relationships among vegetation, soils, suiface 
hydiologic featuies, and subsurface geologic matenals 

Aftei the geologic matenals aie adequately classified 
through analysis of their spectral signatuies, then the 
task of landfoim identification begins This task, at 
piesent, requires human interpretation of spatial le- 
lationships displayed on spectral classification maps 
Automatic classification of landforms is beyond the 
capability of our present softwaie system However, 
existing computer-aided analysis of spectial data pro- 
vides a base from which landfoim mapping can begin 


OBJECTIVES 

As originally pioposed, the objectives of the geo- 
moiphological inventory weie: (a) to delineate the 
suiface landforms of alpine legions by conventional 
and computer-aided analysis techniques, (b) to auto- 
matically categorize moipho types in a statistical man- 
ner, (c) to delineate avalanche hazards through auto- 
matic lecognition of avalanche tiails, and (d) to detect 
regions of active permafrost 

The assumption underlying each of these objectives 
was that each earth form, such as an avalanche tiail, 
possessed a unique and identifiable spectral signature, 
or diat by analysis and classification of the matenal 
associated with the form, the lattei could be infened 

As expenence was gained in computer applications 
and in the capabilities of the ERTS-1 data collection 
system were realized, some modification of the first 
two original objectives was deemed necessary The 
modified objectives weie 1) deteimme spectral vari- 
ance in the study region, 2) utilize the spectral vari- 
ance shown on the computei maps to infer the botan- 
ical, pedologic, hydrologic, and cultural patterns of 
the study legion, and 3) meige these patterns into an 
assemblage to define landforms by inference from 
their associated land use patterns 

Geomoiphic research was limited to studies penpli- 
eial to the San Juan Mountain test site in south- 
western Coloiado These areas were selected because 
they exhibited a less complex ecosystem owing to their 
moie and nature. 

EXPERIMENTAL PROCEDURE 

Automatic classification of ERTS-1 MSS data by the 
LARSYS system lequues five geneial steps 

1 Selection of training sets lepresentative of the 
suiface types of interest 

2. Separation of the data within these sets into 
distinct spectral statistical classes 

3. Con elation of spectral classes with conventional 
surface mapping units 
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4. Automatic classification of an area with spectral 
characteristics similar to those of the training areas. 

5. Recombination of spectral classes through dis- 
play techniques for generation of useful surface type 
maps, tables, and graphs. 

The techniques used for geomoiphological analysis 
reported in these studies aie defined in detail as 
follows 

Step 1. Selection of a training set representative of 
the surface types selected for classification The analyst 
must be aware of a) conventional classification units 
within his field of interest, b) the general spectral 
characteristics of each unit; and c) the geneial spatial 
distribution of the units within tire training region. 
If the analyst possesses this information, he is able to 
choose a training aiea representative of the classes of 
interest Such sets must be chosen with caieful study 
of ERTS-1 data, in conjunction with any available 
ancillary information After selection of candidates, 
the training sets to be used should be selected as 
lepresentative of the widest range of suiface classes 
of interest. 

If ground truth is not available, selection of rep- 
resentative training sets is more difficult Decisions 
concerning the nature of the spectral patterns rep- 
resented on non-classified data or non-supervised classi- 
fication results must be made on tire general distribu- 
tion or planar form of these patterns From interpre- 
tation of these patterns, an estimation of the area 
most representative of the classes of interest must be 
made. The level of uncertainty m selecting a training 
set in this manner is very high Additional training 
set selection may be required before a final classifica- 
tion is possible 

Step 2. Separation of the data within the training 
sets into distinct spectral classes must be performed 
by the computer. Two methods of spectial class sta- 
tistical separation are available 4 supervised and non- 
supervised In this study both methods were used, 
sequentially, to obtain the final classification result 
Initially, non-supervised classification was pei formed 
to define spectral separability within tire training 
region Supervised classification defined subclasses for 
moie accurate results. 

In one study, areas with a wide range of spectral 
characteristics weie automatically clustered into dis- 
tinct spectral classes. Training fields were then located 
within areas of homogeneous spectral response and 
spatially related geographic orientation In another 
study, non-supervised classification was performed on 
aieas of low spectral vauance. Training fields defining 
subclasses were then selected from the non-supervised 
cluster maps of the individual training fields In this 
case, training fields were selected before, and relocated 
more precisely after, automatic spectral class separa- 


tion. By initially reducing the spectral variance of the 
clustered regions by judicious selection of fields, the 
clustering algorithm is able to divide each cover type 
into discrete subclasses The statistics of these sub- 
classes can be visually compared for determination of 
similar spectral character by use of spectral plots 
Spectral plots provide a means to visualize spectial 
signatures. Also, spectral elements significantly dif- 
feient than the dominant cover type of any field can 
be eliminated from the training elements by spectral 
plot analysis, thus reducing the spectral vauance 
within each training class 

Step 3. Once statistically significant spectral classes 
containing the complete range of spectral variance 
within the training legion are defined by procedure 
(2), these classes must be correlated with conventional 
cover type mapping units, eg soil type, vegetation 
type, lithotype, etc Essentially, this involves locating 
the class geographically and assigning a meaningful 
class name Naming of classes is interpretive and sub- 
ject to human eiror 

Step 4. After reasonable certainty concerning the 
surface nature of the spectral classes has been ob- 
tained, a decision i elating to the geographic extension 
of those classes must be made. The statistics that rep- 
resent the spectial classes are generated from lela- 
tively small geographic areas These statistics may be 
extended to automatically map large regions, but how 
far and how accurately they may be extended is a 
point of decision. Once agan, judgment is a key 
determinant in defining the limits of such an exten- 
sion Knowledge of regional variation is essential 
The spectral classes may be extended only as far as 
the cover type assemblage remains unchanged. If ex- 
tended beyond those limits the classification may rep- 
resent patterns of unknown cover type As yet, the 
limits of such extension are unknown, but may be 
directly related to tire surface material of the area 
being classified 

Step 5. The final step in the classification pro- 
cedure is to generate maps, graphs, diarts, tables, or 
any visual output meaningful to a user agency Be- 
cause spectral classes often represent subclasses of 
conventional mapping units, combination of the class- 
es is often necessaiy to obtain maps useful for display. 
Knowledge of the spectral characteristics of surface 
material is essential for producing meaningful results 

The five general steps just outlined have been util- 
ized to produce various cover type maps for areas 
aiound the San Juan test site Each area possesses a 
unique assemblage of landforms, with a coincident 
assemblage of cover types For each area the covei 
type has been classified, and inference concerning the 
landform assemblages m each region is based on the 
cover type distribution as represented on the com- 
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puter maps. The following discussions reflect results 
obtained from four areas used for this study. 

RESULTS 

Four project areas were completed, each represent- 
ing a different geographic location and consequently 
a unique cover type-land form pattern. 

Durango Project 

In the hogback and strike valley region east of 
Durango, Colorado, we chose four major display 
classes from the thirteen statistical spectral classes used 
in the classification algorithm. 

Based on the information provided by Zapp (1949), 
we divided the lithologies of the Durango area into 
three discrete types for analysis— sandstone, shale, and 
alluvium. Sandstone is the subsurface rock type on the 
dip slopes of the hogback ridges; shale on the cret 
slopes and along the strike valleys; alluvium on the 
terraces and floodplains. These three material types 
are sufficient to describe the geologic materials of all 
erosional and depositional surfaces in the study area. 
Due to the time of ERTS-1 overpass, the west-facing 
cret slopes and other west-facing declivities are in 
shadow. Shadow areas have significantly different 
spectral signatures than sunlit areas and have been 
considered as a fourth major class. 

Four areas within the study region were chosen for 
nonsupervised classification and display. The coordi- 
nates of these areas were procurred from gray scale 
imagery of the entire August 21, 1972 ERTS frame. 
(Scene ID 1119-17204, 21 August, 1972). The four 
areas contained representatives of all the rock types 
and topographic forms in the study area. The re- 
sultant display provided reliable visual separability 
of shadow patterns and alluvial areas. Interpretation 
of shadow patterns yielded locations for the sandstone 
dip slopes and shale valleys. Field coordinates were 
then obtained for sandstone, shale, alluvial, and shad- 
ow areas. Training fields on each sandstone dip slope 
and shale valley were separated into discrete training 
subclasses. Nine groups of training fields— four sand- 
stone, three shale, one alluvium, and one shadow— 
were then processed by the supervised clustering 
algorithm, and the entire study area classified. The 
display map showed much greater visual separability 
of the sandstone and shale areas than the non-super- 
vised display from which the training fields were 
selected. With refinement of coordinates of the train- 
ing fields, addition of two alluvial subclasses, one shale 
subclass and two shadow subclasses, visual correlation 
with Zapp’s geologic map improved greatly. 

A geologic map of the Durango area (Figure C.l) 
shows four major classes which have been displayed 
as three classes which represent only geologic ma- 


terials. Based on geomorphic knowledge of the usual 
relationship between bedrock types and their topo- 
graphic expression we assumed that the areas in 
shadow are underlain by shale. The shadow areas arc 
on cret slopes that stratigraphically fall immediately 
below the sandstone caprock of the ridges. In a region 
of hogbacks and strike valley developed on sandstones 
and shale, one may infer with a high degree of confi- 
dence that the surface area stratigraphically below the 



A. Gray scale coded PHOTO image. (White = alluvium , 
gray = shale , black = sandstone.) Approximate scale of 
original 1 :1 50,000. 



8. Alphanumeric coded DISPLAY image. (A = sandstone , 
/ = shale, . = sandstone.) Photographically reduced 
from original scale of approximately 1:24,000. 

Figure C.l. Geologic map of an area around Dur- 
ango , Colorado. (A) Image displayed classification 
result from LARS digital display. (B) Computer print- 
out from outlined area on A. Map units from Zapp, 
overlayed on computer printout. 
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caprock is underlain by shale. With this assumption, 
we combined the shale and shadow classes as one 
displayable unit. The resultant gray scale coded map 
(Figure C.1A) visually compares in general with Zapp’s 
map of the same area, in detail (Figure C. IB), the 
two maps are somewhat contradictory. 

lo test the applicability of die classification scheme 
over broader regional areas, an approximate 200 mi 2 
area centered 35 miles northeast of Durango was 
classified by using the same statistics calculated on the 
experimental training fields located two to five miles 
east of Durango. Hi is new test area was chosen be- 
cause: 1) the lithologies were similar to those of the 
first study area, 2) the elevations and presumably the 
altitude dependent vegetative cover types were dif- 
ferent, and 3) the reflective sun angle on the hogbacks 
was different. 

Telluride Project 

Much of the available ERTS-1 data had been col- 
lected during the winter months, and was character- 
ized by an extensive snow cover. Although the avail- 
able late summer and early autumn data were pre- 
dominantly snow free, they were either cloud-covered 
or not representative of surface areas for which ground 
truth was available. Eventually two September 27, 
1972 ERTS frames (Scene ID 1066-17251 and 1066- 
17254) were received at LARS. These scenes were 
99% cloud-free, totally snow free, and included the 
western parts of the San Juan Test Site including an 
area surrounding Telluride, Colorado. Sufficient 
ground truth information (Cross, et al, 1899, Burbank, 
1966) was available in map form to allow the initi- 
ation of analysis. 

Visual comparison of surface locations represented 
on geologic maps and single channel gray scale dis- 
plays provided the basis for training field selection for 
volcanic and sedimentary rocks in the Telluride, Colo- 
rado area. 

Exact location of any area on both the map and 
printout was difficult due to the rugged topographic 
character of the region. Also, the true identity of the 
surface was difficult to ascertain, because a geologic 
map represents only rock types, not surface soils or 
vegetation. In the Durango area this presented less of 
a problem because the relationships between topog- 
raphy, vegetation, and lithography were more homo- 
geneous and predictable. No such relationships be- 
tween rock type, vegetation, and topography exist in 
the mountains around Telluride. Here, the simple, 
Hat-lying character of the rocks betrays the complexity 
of the spectral expression manifest on each rock type. 
For example, the Mancos shale occurs beneath coni- 
ferous forest on north-facing slopes, grassland on 
south-facing slopes, and aspen groves on rolling bench- 


es. Eadi of these vegetation types defines a distinct 
spectral class whereas the total surface areas of the 
Mancos Shale defines several separable classes. 

To compensate for the spectral variability developed 
on each rock type, a more complex classification sys- 
tem than used at Durango was derived for the Tel- 
luride Project. Each class has been designated by a 
series of symbols. This series contains factors repre- 
senting each of three variables— geologic material, 
topography, and vegetative cover (Table C.l). Each 
class thus represents the spectral characteristics of 
surface areas characterized by a particular rock type, 
topography, and vegetation. For example, an area 
underlaid by the Tertian' San Juan Formation (Tsj), 
which is level (L), above timberline (1), and covered 
with tundra vegetation (mosses and grasses) (T), is 
symbolized as Tsj, L, 1, and T. 

Ground truth provided by Burbank s and Purring 
ton’s geologic maps was insufficient to meet the criteria 
for precise training field location. 

Underflight photography in the form of 1:12,000 
scale color-stereo photographs (Platt, 1968) was avail- 
able for a small area within the Telluride Region— 
the Ice Lake Basin area. 

The Ice Lake Basin area is on the crest of the 
divide between the Animas, San Miguel and Dolores 
river systems. Granitic, volcanic, and sedimentary rocks 
are present in the area. Elevation ranges from 9,500' 
to H,000', consequently vegetation zonation is well 
developed. The photos provided the necessary ground 
information for selection and location of the training 
fields for many of the desired classes. The visual cor- 
relation of locations between the photos and a gray 
scale display defined training field coordinates for all 
but a few classes of material. Interpretation of ERTS- 
1 color enhanced (color IR) imagery of the entire 
Telluride Region obtained from the LARS digital 
display was then visually correlated with color ground 
photos provided by INST AAR to obtain the informa- 
tion necessary to define the locations of training fields 
for the remainder of the classes. Analysis of structural 
information (Figures C.2-G.3) provides a means to 
interpolate the surface location of lithotypes. A se- 
quential process of refinement of training class desig- 
nation and training field location based on visual 
interpretation of classification results was utilized to 
improve the quality of the machine-produced maps. 
After revisions of the classification data, the set of 28 
classes presented in Table C.l was obtained. 

The results obtained in the Telluride area analysis 
are intermediary between the preliminary poor qual- 
ity classification displays and those obtained for less 
rugged and varied regions. All display images de- 
scribed in the following section are gray scale-coded 
PHOTO images, photographed directly from the 
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Table C.I. Generalized stratigraphic section and correlative classification scheme of the Telluride, Colorado, area. 


Geologic time 

.Stratigraphic section 

Class* 


Geologic material 

Topography 

Vegetation 



QAL, 

L2 


River alluvium and lake beds 

Level, below timberline (T.L.) 

? Possibly shrub-grass 



QAL, 

1 *2 

M 

River alluvium and lake beds 

Level, below timberline (T.L.) 

Mountain mahogany-oak-grass 



QT. 

A2, 

C 

Stabilized talus from Mancos (?) 

Sloping away from sun, below T.L. 

Coniferous forest 

Recent 


Q 1 

Tl, 

V 

Active talus from volcauics 

Sloping toward sun, above T.L. 

None 


Qal Alluvium 

QT. 

Tl, 

VY 

Active yellow talus from volcauics 

Sloping toward sun, above T.L. 

None 

} 

Qt Talus 

QT, 

Al. 

V 

Active talus from volcauics 

Sloping away from sun, above T.L. 

None 


<)r Rock glacier 

o 1 . 

Tl, 

G 

Active talus from granite 

Sloping toward sun, above T.L. 

None 


Qs Landslide 

QS, 

VJ. 

C 

Landslide deposits from Mancos 

Sloping away from sun, below T.L. 

Coniferous forest 

Quaternary 

Qd Glacial drift 

Ql>. 

A2, 

C 

Morainal drift 

Sloping away from sun, below T.L. 

Coniferous forest 


GG Granite-gabbro 

QO, 

T2, 

M 

Morainal drift 

Sloping toward sun, below T.L. 

Mountain mahogany-oak-grass 


Tgp Gilpin peak luff 

GG, 

Tl, 

R 

Intrusive igneous rock 

Sloping toward sun, above T.L. 

None 


Tsb Burns Fm. 


LI. 

R 

Intrusive igneous rock 

Level, above T.L. 

None 

Tertiary 

Tse Eureka tuff 

GG. 

LI, 

T 

Intrusive igneous rock 

Level, above T.L. 

Tund ra moss-grass- f lowe rs 


Tsp Picayune Fm. 

TGP, 

LI. 

R 

Extrusive igneous rock (pyroclastic) 

Level, above T.L. 

None 


Tsj San Juan Fm. 

TSB. 

LI, 

R 

Intrusive igneous rock 

Level, above T.L. 

None 


Tt Telluride cgl. 

1 SJ, 

Tl, 

T 

Extrusive igneous rock (pyroclastic) 

Sloping toward sun, above T.L. 

Tundra moss-grass-flowe rs 


Km Mancos shale 

TSJ, 

11 , 

T 

Extrusive igneous rock (pyroclastic) 

Level, above T.L. 

Tundra moss-grass-flowers 

Cretaceous 

Kd Dakota sandstone 

TSJ. 

1 l. 

R 

Extrusive igneous rock (pyroclastic) 

Sloping toward sun, above T.L. 

None 


Jm Morrison Fm. 

KM. 

L2 


Thin bedded shale 

Level, below T.L. 

? Possibly meadow-aspen groves 

Jurassic 

jw Wahnaka Fm. 

KM, 

L2, 

M 

Thin bedded shale 

Level, below T.L. 

M ( n. mahogany-oak-grass-aspen 


Je Entrada sandstone 

KM, 

A2, 

C 

Thin bedded shale 

Sloping away from sun, below T.L. 

Coniferous forest 

Triass ic 

Trd Dolores Fm. 

KM. 

A2 


Thin bedded shale 

Sloping away from sun, below T.L. 

? Possibly coniferous forest 

Permian 

Pc Cutler Fm. 

KM. 

T2, 

c 

Thin bedded shale 

Sloping toward sun, below T.L. 

Coniferous forest 



KM, 

T2, 

M 

Thin bedded shale 

Sloping toward sun, below T.L. 

M in. mahogany-oak-grass-aspen 



KJ. 

T2. 

M 

Interbedded sandstone and shale 

Sloping toward sun, below T.L. 

M tn. mahogany oak-grass-aspen 



K-J. 

A2, 

C 

Interbedded sandstone and shale 

Sloping away from sun, below T.L. 

Coniferous forest 



WATER 


Surface water 

Level 

Algae 



SHADOW 


? 

Sloping away from sun 

? Mostly coniferous forest 


• Legend for Clans Symbols: 

First set of symbols is rock type or mass movement material of the surface or in the shallow 
subsurface; represented by geologic symbols. 

Second set of symbols is topographic characteristic: L = level, A = dope away from morn- 
ing sun, T = slope toward morning sun, I = above timberline, and 2 = below timberline. 


Third set of symbols is the vegetative cover type; R = bare rock. T = alpine tundra 
species, C = coniferous forest. M = mountain mahogany -shrub oak assemblage, and blank 
= unknown; or parent material of colluvium deposited above timberline (01,1): V = 
volcanic, G = granitic, and V' = yellow. 
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digital display unit with 35 mm black and white 
negative film. 

Figure C.4 is a machine-generated geologic map 
depicting surface distribution of the major lithologic 
classes of the Telluride Region. Black areas are under- 
laid by sedimentary rocks, predominantly Mancos 
shale, except on the walls of San Miguel Canyon 
where Permian through Cretaceous interbedded sand- 
stones and shales are present. The gray areas on the 
map represent surface areas of igneous rock, both in- 
trusive and extrusive. The authors were not able to 
separate granitic intrusions from the volcanic deposits. 
Both rock types are of very similar chemical composi- 
tions, so the surface layer may be composed of de- 
compositional products similar spectrally as well as 
chemically. The white areas on the map represent 
colluvium in the form of talus, and rock glaciers 
which cover the consolidated rock materials. Figure 


C.5 provides geographic reference for the locations 
of the area classified and displayed. 

Figures C.6, C.7, and C.8 represent variations of 
display symbols used in Figure C.4. Figure C.6 shows 
bare rock exposures of granitic, volcanic, and colluvial 
materials as the dark shades, and all other classes as 
light shades. This display separates areas of bare rock 
from areas covered with any form of vegetation. 
Figure C.7 is a map showing the distribution of only 
2 classes of material: 1) sedimentary rock, dark; and 
2) all else, light. Figure C.8 delineates only those 
regions covered with talus. 

By changing the display combinations of the various 
classes, a vegetation map can be obtained using the 
same classification statistics utilized to produce the 
geologic maps seen in Figures C.6 thru C.8. Figure 
C.9 is such a vegetation map. The classes represented 
are: 1) white — bare rock; 2) light gray — tundra species; 
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Figure C.2. Generalized geologic section of Telluride area showing relationship between an 
intrusive stock and bedded volcanics. 
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Figure C.3. Generalized geologic section of Telluride area showing relationship between 
sedimentary rocks and overlying volcanics. 
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3) dark gray— mountain grasses, mahogany, oak, and 
aspen; and 4) black — conferous forest. North-facing 
slopes are generally dominated by coniferous forests 
where as south-facing slopes are covered with grasses. 
The vegetational zonation (bare rock; tundra; coni- 
ferous forest; shrub oak, mountain mahogany) can 
be clearly seen on the computer-generated map. The 



Figure C.4. Distribution of major lithologic classes , 
based on computer-aided analysis of ERTS MSS data . 

( Black = areas primarily underlain by sedimentary rocks , 
gray = areas of intrusive and extrusive igneous rocks , 
white = areas covered by unconsolidated rock material.) 



Figure C.5. Generalized geologic location of the 
Telluride study area. Photo images show region out- 
lined by heavy black lines. Ice Lake Basin training 
areas outlined by dots. Drainage divides shown by 
broken lines. 



Figure C.6. Intrusive and extrusive igneous rocks 
(dark tones). 
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Figure C.8. Unconsolidated rock material (dark 
tones). 
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Figure C.9. Vegetation distribution map of the Tel- 
luride area, Colorado. Vegetation classes are inferred 
from statistics used to derive map of lithologic fea- 
tures (Figure C.4.) ( Black = coniferous forests , dark gray 
= deciduous species and grasses, light gray = tundra 
vegetation, white = bare rock.) 

classes representing tundra and grass-oak-mahogany- 
aspen are somewhat inseparable. The capability of 
producing such a vegetation map in the telluride 
area is largely due to the homogeneous nature of the 
vegetation. 

Uncompahgre Project 

The Uncompahgre Project was undertaken because 
good quality cloud-free data was available over a large 
relatively simple geologic area. Analysis of these data 
provided a test of the procedures previously developed, 
and a test of the landuse-landform hypothesis. 

The area chosen for study was immediately adjacent 
to the test site on the west, the Uncompahgre Plateau- 
Grand Valley region of west-central Colorado. The 
stratigraphic and structural patterns (our base of 
reference knowledge) was not too complex, and the 
spectral variance of land use classes was amenable 
to automatic classification. 

Based on Daubenmire’s (1946) classification of vege- 
tation sequences, the natural vegetation of the study 
area was separated into seven groups: 1) desert; 2) 
oak-mahogany savanna; 3) pinyon-juniper forest; 4) 
Ponderosa pine forest; 5) aspen-meadow complex; 6) 
dense, Engelmann spruce-subalpine fir forest; and 7) 
alpine tundra. Two cultural land use classes, agricul- 
tural and urban, were added to the seven natural 
vegetational classes to essentially complete the classi- 
fication scheme. Although many different classes of 
urban and agricultural land use are spectrally separa- 
ble (Todd, et al., 1973; Bauer, et al., 1973), the small 
area of man’s activity in the Uncompahgre region, 


compared with the broad expanse of natural cover 
types, made further segregation of land use categories 
impractical for this study. Small sections on imagery 
of the study area were masked by clouds, cloud and 
topographic shadow, and water. Inclusion of these 
(lasses within the classification system brought the 
total number of classes separated to twelve. 

Spectral classes were defined in the follow ing man- 
ner. For each class, sample areas of approximately 100 
acres w ere located on a color composite ERTS-1 image 
by photo interpretation. The basis for determining 
visual correlation between class name and image 
pattern were: 1) field reconnaissance in August, 1973, 
and 2) comparison of a vegetation map of the La 
Sal Mountains (Richmond, 1962) with the ERTS-1 
imagery. 

The chance that any arbitrarily selected area of 
100 acres will be composed of a completely homo- 
geneous cover is rare, particularly in near-mountain 
and mountain regions. Thus, each sample area w ? as 
assumed to possess a dominant cover type and residual 
cover type. 

N on-supervised machine clustering into small num- 
ber of spectrally separable classes (i.e., twice the 
number of expected dominants) was performed indi- 
vidually on each sample area. The mean reflectance 
of each cluster was plotted as a function of the 
wavelength band of each FRTS-1 channel (channels 
4-7) for each of the desired classes (Fig. C.10A). In 
this manner, the “residual’’ reflectance elements were 
statistically separated from the dominant cover type 
within each sample area. Commonly, each “dominant’’ 
type was composed of two or more distinct spectral 
classes, such as the two classes evident for agricultural 
areas (Fig. C.10B). In this manner, subclasses for 
many of the twelve major classes were extracted from 
the raw data. Next, each cluster for each sample area 
was displayed by a particular alphanumeric symbol 
on a printer image. Training fields wxrc selected from 
the areas displayed on the printer image as the 
dominant class or subclasses; the training fields w r ere 
chosen in areas interpreted as most representative 
of the dominant cover type. The pattern of dominant 
and residual classes as displayed on the printer image 
gave clues that permitted extraction of areas from 
within a dominant cluster that were more representa- 
tive of the desired class that were elements along 
border lines between residual and dominant clusters. 
The training fields for the desired classes were then 
processed by a supervised classification algorithm 
in order to define the spectral characteristics of each 
training class. The 100-acre sample areas were then 
reclassified, based on the derived supervised classes, 
to test the classification system on small areas of known 
cover type. Patterns discernibly related to topography, 
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Figure C.IO. (A) Spectral plots of the non-supervised clustering algorithm performed sepa- 
rately on five known agricultural test areas of approximately 100 acres each. Two "domi- 
nant" classes are clearly separable from the "residual" classes. ( B ) Spectral plots of the super- 
vised classes , AG-1 and AG-2. 


and consequently vegetation, as displayed on these 
test sites were used to further refine the location of 
training fields until the display patterns seemed suf- 
ficient for a regional classification. Final training 
class statistics thus derived from analysis of approxi- 
mately 4,500 acres of sampled areas were then applied 
to a classification of about 4.4 million acres of the 
Grand Valley-Uncompahgre Plateau region. The ratio 
of sample areas to classified areas is about 1:1,000. 

In analysis of the west-central Colorado region, we 
were not sure of the actual identity of the material 
being classified. The spectral classes w f ere known to 
be statistically separable, but a genera name for each 
class was only tentatively assigned prior to viewing 
the classification results. Twenty-four separable spec- 
tral subclasses were used to obtain the separation 
necessary to display twelve classes of cover type and 
land use. Positive identification of each subclass was 
reserved until its geographic distribution was deter- 
mined from the map displays of the entire classified 
area (Fig. C.ll). For example, areas thought to 
represent surfaces covered primarily by piny on-juniper 
statistically separated into three distinct spectral 
classes. Therefore, the tentative pinyon-juniper class 
was assigned to three subclasses; PJ-1, PJ-2, and PJ-3. 
Geographic distribution of special class, PJ-3, as 
represented on the digital display screen, identified it 


as part of a oak-savanna assemblage which dominate 
at elevations immediately adjacent to but lower than 
the pinyon-juniper assemblage. The presence of an 
oak savanna class within areas dominated by pinyon- 
juniper indicates the normal transitional nature of 
boundaries between zones. Thus, the oak-savanna 
assemblage grows in dry valleys within the lower 
portion of the pinyon-juniper zone; conversely, in 
moist valleys the upper zone extends spatially down- 
ward into adjacent but lower oak-savanna. 

Fhe classification map of the entire area is shown 
in Figure C.ll. Each vegetation zone and land use 
category is shown by a specific gray level. Agricultural 
areas appear dark gray. A sequence of vegetation 
zones is clearly visible, encircling the Uncompahgre 
Plateau in the center of the image, the La Sal Moun- 
tains in the southwest corner of the picture, and 
Grand Mesa in the northeast corner. The oak-savanna 
zone (very dark gray) is immediately above the desert 
areas (lightest gray). The pinyon-juniper zone is 
medium-gray tone. These three climax assemblages 
comprise the Foothill vegetation zone. Above the 
Foothill zone is a belt dominated by clumps of aspen 
interspersed with high, grassy meadows and scattered 
stands of Ponderosa pine. This, the Montane zone, 
is displayed as a dark gray tone. Above this, the 
Subalpine zone appears as black. Climax assemblages 
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Figure C.U. Computer-aided classification map of the Uncompahgre test site. Results were 
displayed and photographed from the LARS digital display system. Six classes were presented as 
various levels on a gray scale. Numbers refer to these features : 1 = Grand Junction, 2 = Delta , 
3 — Grand Mesa, 4 = Paradox Valley, 5 = La Sal Mountains, and 6 = Uncompahgre Plateau . 


< Vegetation Zones > 



Figure C.12. Ideal model of vegetation zones in the central Rocky Mountains (modified from 
Daubenmire, 1943). 
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within this zone include Ponderosa pine, Douglas 
fir, subalpine fir, and Engelmann spruce. Ponderosa 
pine is widely spread throughout the Montain and 
Subalpine zones, but tends to concentrate in certain 
areas as a distinct band between the aspen-meadow 
and spruce-fir type. Spruce-fir shows as a very dark 
gray band along the crest of the Uncompahgre 
Pleateau, as slope dependent groups coincident with 
drainage lines radiating from the center of the La 
Sal Mountains, and as a “blanket” covering Grand 
Mesa. 

The regulationships of the zones is presented graph- 
ically in Figure C.12. A transect of overlapping 400- 
acre fields extending from Uncompahgre Butte (9,732 
feet) to the base of Grand Mesa (it 4,500 feet) was 
analyzed for relative percentage of each cover type. 
The relative proportions of cover types within each 
field along this transect were plotted as a function of 
elevation. The appropriate peaks on the resulting 
graph correlate very well with elevations associated 
with each cover type in the purely ideal model of 
Daubenmire (Figure C.13). Transitional areas be- 
tween various zones are evident where lines on the 
graph intersect, the surface cover at these points being 


SPRUCE FIR PINYON JUNIPER 



£ Horizontal Distance 

30 mi, or 48 km * 

Figure C.13. Percentages of cover type assemblage 
as a function of elevation. [Percentage of cover type 
in each of 30 overlapping 400-acre fields (20 X 20 data 
elements) was calculated by a LARSYS computer program. 
The fields defined a transect along an essentially constant 
topographic slope from Uncompahgre Butte to Grand 
Valley. Plot of the results shows the dominant assemblage 
at various elevations and the transitional nature of the 
boundaries between zones. The secondary peak on the 
oak-savanna curve at 8,300' represents a misc/assification 
of aspen-meadow-high grassland species as oak-savanna. 
Compare with the ideal model in Figure C.12.] 


composed of equal amounts of two adjacent classes. 
Some secondary “peaks” which appear anomalous 
on the graph result from the transect crossing major 
topographic breaks such as valleys where, as expected, 
the vegetation corresponds with abrupt change in 
altitude and aspect. However, the graph clearly 
demonstrates the arbitrary nature of discrete zonal 
boundaries. The boundaries are actually non-existant, 
but their use facilitates classification. 

Richmond (1962) provides a vegetation map of 
the La Sal Mountains which senes as a visual test of 
accuracy of the machine classification of the Un- 
compahgre Grand Valley region. Within the La Sal 
region the classical vegetation zones are somewhat 
disturbed, owing to decreasing moisture and slope 
exposure aspects. Areas of oak-mahogany concentra- 
tions lie above the pinyon-juniper zone; distribution 
of Ponderosa pine appears to be chiefly controlled by 
lithologic outcrop patterns and subsurface moisture 
retention rather than by elevation; and the aspen- 
meadow zone is almost absent on the west side of 
the La Sal Mountains. Our computer map shows 
vegetation patterns in the La Sal area as almost 
identical to those on Richmond’s map (Fig. C.14). 
However, the machine generated map indicates a 
zone of savanna and desert lands which Richmond’s 
map does not show. Lacking adequate field-based 
ground truth, the cause of the discrepancy has not 
been determined. 

Colorado River Project 

While performing machine analysis on ERTS-1 
data obtained over a portion of the San Juan Test 
Site (Mroczynski et al., 1973), our attention was at- 
tracted by the apparent anomalous character of certain 
stream channels developed on the nearby Uncom- 
pahgre Pleateau. Compared with the major high 
order streams (Colorado, Gunnison, San Miguel, and 
Dolores Rivers) within the region contained on 
ERTS-1 frame 1066-17251, September 27, 1973, many 
drainage channels occupied by low order perennial 
and ephemeral streams flowing on the northeastward 
dipping slope of the uplifted Uncompahgre Plateau 
exhibit three apparently anomalous characteristics: 

1. Valleys occupied by some of the ephemeral 
streams are more extensively developed than those 
cut by the major rivers. 

2. The dip slope valleys commonly possess high 
level meander scars uncharacteristic of streams with 
a regimen and gradient comparable to their present 
day occupants. 

3. These valleys possess apparently correlative com- 
ponents on both sides of the present drainage divide 
at the crest of the Uncompahgre Plateau, a divide 
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created by uplift along a series of faults bounding 
the plateau’s southwest side. 

Analysis of ERTS-1 imagery was paramount in lead- 
ing to recognition of these anomalous patterns. The 
synoptic view given by ERTS-1 MSS sensors provides 


a basis for regional pattern recognition and compari- 
son never before possible. Texture and tone analysis 
enables comparison in the horizontal plane, whereas 
shadow pattern analysis permits comparison in the 
vertical plane (e.g. the depth of valleys). 



Figure C.I4. Vegetation map of the La Sal mountains (simplified from Richmond, 1962). (AT = alpine tundra, 
SF = spruce fir, AM = aspen meadow, PJ = pinyon juniper, SB = sage brush desert.) 
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Utilization of ERTS-1 imagery in this study has 
provided some clues as to the possible previous 
location of the Colorado River. ERTS provides the 
synoptic view necessary to collate hitherto seemingly 
unrelated surface patterns. 

In the original proposal, the last two objectives in 
the geomorphological inventory section involved the 
delineation of avalanche hazards and detection of 
regions of permafrost, based upon spectral charac- 
teristics of these features. This phase of our research 
efforts produced essentially negative results. We found 
that many of the avalanche tracks could be charac- 
terized by a deciduous vegetative cover, near Aspen 
or a dense oak shrub cover which could be easily 
distinguished from the surrounding coniferous forest 
cover. However, we found that many other areas 
had been disturbed by fire, logging or mining ac- 
tivities, and that these areas were also covered with 
a deciduous aspen or shrub cover. Therefore one 
could not rely on the spectral characteristics of the 
data to identify avalanche track areas. Through 
manual interpretation of the computer classification 
results, one could frequently delineate avalanche tracks 
by their spatial characteristics. In other words, a 
long narrow array of deciduous forest surrounded by 
coniferous forest could be delineated as a probable 
avalanche track. We found that many of the known 
avalanche tracks were delineated through this com- 
bination of computer classification and manual inter- 
pretation of the classification results. However, we 
also found that a large number of the avalanche tracks 
had been missed, primarily due to the spatial resolu- 
tion of the ERTS-1 scanner system. The avalanche 
tracks were simply too narrow to be reliably identified 
using such a course resolution scanner system. 

Work on delineation of the permafrost areas cen- 
tered on interpretation of the small scale color in- 
frared photography obtained by NASA’s WB-57 
aircraft. In this interpretation, areas of known perma- 
frost were examined in relation to the surrounding 
terrain. The investigators could see no indication 
of differences between the areas of permafrost and 
the surrounding regions, and therefore could not 
extrapolate to other areas in an attempt to identify 
permafrost areas which were not previously known. 
Because of the apparent inability to manually de- 
lineate permafrost areas using the color infrared 
photography, we had no basis for expecting to de- 
lineate the permafrost areas on the ERTS imagery. 
Limited study of the ERTS data did not provide any 
indication that permafrost areas could be delineated 
from die satellite altitudes. Therefore, we have con- 
cluded that for this type of alpine area, one cannot 
reliably differentiate permafrost from non-permafrost 


areas using either the small scale color infrared pho- 
tography or the ERTS scanner data. 

INSTAAR ACTIVITIES 

Much of the INSTAAR effort to the Geomorpho- 
logical Features Survey was in field support primarily 
in the form of mapping. Material presented in die 
remainder of this section outlines those mapping ef- 
forts. Additional information concerning photo-inter- 
pretation of NASA underflight imagery is presented 
in Appendix C. 

Field Mapping and Production of Initial Maps 

Field mapping was primarily conducted during the 
summer of 1972. The following information was 
mapped on 1:24,000 USGS maps, Table C.2. Figure 
C.15 represents the extent of the field mapping effort 
in the San Juan Mountains. A typical geomorphic 
map is represented as Figure C.16. 


7 able C.2. Geomorphic cover-types of the San Juan 
Mountains, Colorado. 


Cover types 
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“Fresh” rock glaciers 
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Y/////A Maps Completed 

Figure C.15. Location of maps of the eleven 1:24,- 
000 U.S.G.S. quadrangles and their location in the 
San Juan mountains, Colorado. 
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Figure C.16. Geomorphic map of the Howardsville quadrangle. 
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Specific information regarding the area of the 
quadrangles covered by each cover- type, or the num- 
beis of a particular feature occurring within a quad- 
1 angle, are listed m Appendix C This list can be 
used to piovide a broad classification of the quadi an- 
gles For example, the number of Cliques provides a 
lealistic interpretation of how dissected the terrain is 
and could be used to forecast the amount of significant 
shadowing that might be expected under a low morn- 
ing or evening sun. Figure C 16 has been extensively 
interpreted by LARS personnel 

An important question m terms oE the ERTS-1 
resolution and the entne question of the interpreta- 
tion of ERTS data in high mountainous terram is 
that concerning the spatial vai lability of cover-tyj>es 
and geomoiphic featuies over the 1,672 km 2 of teirain 
included within tire 11 quadrangles Eor the purpose 
of this study we can designate the 11 quadrangles as 
a population and thus use Principal Component 
Analysis (PC A), and a clustering routine developed 
by Came and Claike (unpubl MSS 1975) to investi- 
gate this pioblem 

A standaid PCA piogiam (BMD COIM) was used 
to analyze the data The 11 cases were run with the 
15 variables listed m Appendix C The output indi- 
cates that S5% of the variance of the cover- types and 
features can be explained on the basis of the fust 
four piincipal components Table C 3 shows the 



Figure CA7. Dendrogram showing the clustering of 
fbe eleven quadrangles based on the first three 
principal components. 


significant variables associated with the fust four 
principal components and their rank. 

Clarke and Came have developed a clustering 
routine using the principal component scores as input 
Dendograms can be constructed for any set of prin- 
cipal components Figuie C 17 is a dendogram for the 
11 quadrangles based on the scores of the first thiee 
(3) piincipal components Four distinct clusteis 
emerge from the algorithm— the following quadi angles 
duster together (Table C 4) 

The primary question at this stage is the spatial 
distribution and coheience of these clusters Figure 
C IS illustrates the cluster group for eadi map sheet 
and strongly suggests that the clusters aie not lan- 
domly distributed thioughout the mapped legion, 
but have consideiable coherence This indicates that 
tlieie are legional variations m the geomoiphic cover- 
types and numbeis of specific features that enable 
broad “homogeneous” geomorphic aieas to be delim- 
ited The recognition of such areas might conceivably 
form an alternative approach to computer mapping 
techniques that generally stait fiom the smallest level 
of detail, and attempt to provide the most detailed 

Tab/e C.3. Var/ab/es related to fbe first four pr/n- 


c ipal components and their ranks (+ or — •). 

Pc L explanation 


Principal components 

of variance** 

Rank 

Fust PC 

42% 


1 Aiea o£ Cliques 


(-) 

2 Numbei of cliques 


(+> 

3 Numbei of lock glaciers 


(+) 

2nd PC 

66% 


1 Area of bedrock/till 


(-) 

2 Area of moraines 


(-) 

3 Aiea of snowficlds 


(-) 

4 Aiea of rock glaciers 


(+) 

3rd PC 

76% 


1 Aiea of lakes 


(+) 

2 Aiea of alluvium 


(+) 

4th PC 

85% 


1 Aiea inactive sciee 


(-) 

2 Area old rock glacieis 


(+) 


* Percent explanation of variance 1st PC = 42%, 2nd PC — QG%, 
3rd PC = 76%, 4th PC = 85% 


Table C.4 Quadrang/e names which appear as four 
distinct clusters on figure CA7. 


Cluster 1 

Cluster 3 

Gray Head 

Red Cloud Peak 

Wemmudie Pass 

Telliuide 

Little Squaw Cicek 


Rio Grande Pyramid 


Cluster 2’ 

Cluster 4* 

Iionton 

Howaidsville 

Silverton 

Storm King Peak 

Snowden Peak 
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Figure C.18 . The location of the cluster sets showing 
the spatial coherence of the major geomorphic cover- 
types and features. 

map at the level of resolution of the system. However, 
for small-scale regional mapping on the scale of the 
6,000 km 2 San Juan alpine region it is not immediately 
obvious that a moie useful approach to geomorphic 
mapping is not embodied in the recognition of large 
terrain characteristics 

An examination of the material presented in Ap- 
pendix G and the groupings of Figure G 17 indicate 
that the following average values for the major sig- 
nificant variables apply (Table C 5). 

The four clusters are ranked simply in order for 
the first two variables and this indicates that the 
primary control on the classification is the degree 
of topographic dissection (area and number of 
cirques) The number of rock glaciers is partly related 
to the availability of select sites, that is the cirque 
basins, plus regional variations in bedrock type 

Discussion 

Geomorphology is the study of earth surface forms 
(form being defined by the relative pattern of disciete 
elements within a set of boundaries and not by the 
identity of those elements) 

ERTS-1 MSS sensois are capable of defining the 
relative spectral reflectivity of discrete surface elements 
in four electromagnetic bands. LARSYS provides the 
opportunity to statistically identify areas which are 
composed of similar spectral elements 


Table C 5 The first four significant variables for the 
PC A and the average value for each cluster . 


Variable Cluster 1 

Cluster 2 

Cluster 3 

Cluster 4 

Area cirques 5 8 

96 

21 

25. 

Number cirques 9 5 

BO 7 

34 5 

415 

Number rock glaciers 2 3 

13 B 

27 5 

17. 

Area bedrock/thm 53 8 
till 

30 6 

23 6 

75 9 


Gioups of elements are lecogmzed as distinct by 
LARSYS when 1) die mean relative spectral response 
of all elements within each of a given set of aieas, 
and 2) the co-variance of the means within die four 
wavelength bands for each aiea axe statistically separa- 
ble by Gaussian maximum likelihood algorithms fiom 
the means and co-variances of elements widiin other 
surface areas (LARSYS User ’s Manual, 197S) This 
software package works well with ERTS-1 data for 
differentiating surface forms composed of spectrally 
separable surface elements However, eaith forms as 
perceived from a geomorphic perspective often defy 
automatic classification 

Based on one-acre resolution elements, two eardi 
forms may possess similar spectral elements, but their 
textural and contextural patterns may be quite dif- 
ferent Because many geomorphological forms are 
defined by textural and contextual patterns, diey are 
difficult to separate based on spectial phenomena 
alone For example a large landslide area which has 
developed on the Mancos shale southwest of Telluride, 
Colorado, is non-separable by machine analysis from 
an adjacent rolling Mancos shale plateau. Both 
areas are covered with coniferous forests, patches of 
aspen and meadows, and are characterized by about 
500 feet of local relief Theiefore, the spectral ele- 
ments of the two areas were basically identical How- 
ever, to a human interpreter able to recognize textural 
and contextual features, the landslide region can be 
distinguished from the shale plateau The slide area 
is hummocky, producing random shadow patterns 
distinct from the more legular joint-controlled shadow 
patterns on the plateau This textural characteristic 
is used to differentiate the slide area from the 
plateau Unfortunately, algorithms have not been 
developed to define “hummocky” landforms, so the 
two landforms developed on identical lithologies with 
identical attendant vegetation are inseparable by pres- 
ent analysis techniques. The investigators concur 
with R. Shanmugam and R M. Haralick (1973) that 
textural and contextual feature analysis is needed for 
more effective machine processing of MSS data 

Much has been said about classification accuracy. 
But let us not foiget what the numbers signify. In 
the results section of this leport you may have been 
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struck by die absence of any quantitative estimates 
of accuracy for the classification, statistics. This is 
not due to thoughtless omission nor indirect conceal- 
meat of inaccuracy on our part The reason we ex- 
cluded accuraq r percentages from our discussion is 
to be found m our concept of the meaning of such 
numbers* 

Let us take an hypothetical example Suppose that 
we weie to claim that the map of vegetation assem- 
blages in the Uncompahgie Project was 92 3% ac- 
curate Such a statement presupposes a knowledge 
of the 100% accurate condition of the vegetational 
distribution The question then arises, "Where chd 
we obtain a perfect lepiesentation of vegetation dis- 
tribution to which we compare our computei map, 
and fiom which we derive our accuracy statement?” 
To counter tins question we might answer 1) fiom 
previously published vegetation maps of the same 
aiea, 2) fiom airphoto "ground truth” inteipietation, 
and 3) fiom m site observation on the ground How- 
ever, upon thoughtful reflection following our ascer- 
tion of perfect observation, we might see the error 
of our ways, and modify our statement, to say “No- 
wheie do we know we can obtain a perfect representa- 
tion of surface cover type” At this time, if we were 
not too badly shaken by our realization, we would 
change our accuracy statements accordingly: our per- 
centage figures are not accuracy figuies, but, rather, 
correlation figuies. 

The peicentages represent the degree to which one 
form of mapping interpretation agrees with another 
form of interpretation. Because die authois of tins 
section of die report believe that we do not know 
the quantitative accuracy of giound nuth maps, oui 
own ground observation, or our own air photo inter- 
pretation, we have refiamed from showing quantita- 
tive accuracy figuies on our maps Our mode of 
accuracy in terpietation has therefore been qualitative, 
allowing the leader to estimate die accuracy, the 
quality of his estimation dnectly related to Ins profes- 
sional knowledge concerning the classification units 


and his familiarity with die geographic area. This 
presents ceitam difficulties in assessing the quality 
of our research, but we feel our approach fairly lepre- 
sents our efforts* The data, i e maps, attest to their 
own accuracy, be it 20% or 99% is an unansweied 
question 

In considering the work with die ERTS/LARSYS 
system for automatic recognition and classification of 
the Earths natuially occurring surface featiues, one 
zmpoi tant fact has been emphasized again and again— 
the Eardi's surface is not composed of disci ete classes 
of elements which can be easily recognized. There is 
no aiea "down theie” that is only "coniferous " The 
suiface area may be dominated by comfcious species, 
but also present are shadows, bare rocks, mosses, etc 
No aiea is "composed of gzanite.” Granite may be 
the rock type that underlies the surface cover, but 
that cover is composed of an assemblage of soils, 
moisture, vegetation, and man-made features For 
effective classification of suiface materials based on 
information received at the ERTS sensots, the entire 
biotic-non biotic assemblage must be considered. The 
interrelationships among the discrete classes arbi- 
trarily defined to simplify human communication aie 
the factors that determine the continuum of a single 
infinity vaiiable class, die Eai th's surface. Tlie defini- 
tion of boundaries along this continuum is a necessary 
and useful function towaid achieving our desired 
ends, but for effective data analysis it must always 
be lemembered diat these arbitral lly chosen bound- 
aries which define our classification schemes are sub- 
jective and variable The boundaries come from our 
minds, not from the data When we impose bound- 
aries on die data, we will succeed in communicating 
our ideas only insofar as our boundaries are sufficiently 
flexible to allow for then inevitable distortion of 
nonsepaiable data 

The results presented in this section highlight the 
effoits of die Geomoiphological Features Survey For 
a more complete description of diese piojects lefer 
to Appendix C 
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Table D.2. Regression sequence for original EL 


Mean 

reflectance 

Variable entry sequence 

Multiple 

in channel 

1 

2 

3 

4 

R 

1 

d* 

5 

6 

7 

0 6535 

2 

5 

d 

6 

7 

066% 

3 

d 

5 

7 

6 

0 61CS 

4 

d 

5 

8 

— 

0 6494 

* d indicates simple slope direction 




Table I>.3. 

Regression sequence for modified El . 

Mean 

reflectance 

Variable* entry sequence 

Multiple 

R 

in channel 

1 

o 

3 

4 

1 

6* 

5 

7 

6 

0 6453 

2 

5 

7 



0 6617 

3 

7 

5 

— 


0 6145 

4 

7 

5 

— 


0 6246 


* Variable identification 1 = mean reflectance m channel l, 2 
zz mean reflectance in channel 2, 3 = mean reflectance in channel 
3, 4 = mean reflectance in channel 4, 5 = mean surface elevauon, 
6 = percent slope, and 7 = effective illumination mdev (El) 

* Variable 6 in 1 above removed from regression 

The direct positive lelationslup between leflectance 
and elevation (Table D.l) may be interpreted as an 
indicator of altitudinal zo nation of cover types, and 
also the atmospheric transparency associated with 
high mountain regions 

The importance of topographic effects m the longer 
wavelengths has been demonstrated by the relief shad- 
ing produced by radar imaging systems (Nunnally, 
1969) The pattern of entry of topographic vanables 
described by Table T> 3 indicates that variation at the 
longer wavelengths is more sensitive to topographic 
effects In addition. Table D 3 suggests the existence 
of a possible wavelengdi threshold between ERTS 
channels 2 and 3 below which slope effects would be 
of limited significance. 

The change in entiy rank of effective illumination 
index should also be noted. The change observed be- 
tween Tables D 2 and D 3 is conditioned by exclusion 
of downslope dnection as a pertinent variable Slope 
direction was excluded from this analysis because it 
is included as.pait of the effective illumination index, 
magnitude of slope is supposedly part of effective 
illumination index, but was also included as a variable 

SHADOW MAPPING STUDY 

A major question relating to the use of ADP tech- 
niques in mountainous terrain concerns the effects 
of slope angle, orientation, and terrain shadowing on- 
spectral signature. In order to evaluate these effects 
we are incorporating such information into the 
classification analyses 


A computer program has been wutten to determim 
the parts of any area which will be in shadow at * 
given time on a given date The methods used hav> 
previously been described by Williams et al (1972) 
Topography of the area is specified by a grid of eleva 
tions Z ti over Cartesian Coordinates x and y, when 
grid spacing Ax = Ay the gudpoint (i, j) is located a 
the coordinates (iAx, jAy) From the array of eleva 
tions, slope angle and aspect at each grid point ar 
approximated Let the tangent plane of the surfao 
at a point be expressed by z = ax -f- by -j- c Th 
honzonal distance from the origin to the tangen 
plane is d = c/Va 2 -p b 2 , so the slope angle 0 of th- 
tangent plane is given by tan 6 — c/d = Va 2 -p b £ 
The y-axis mteicept is at — c/b, so aspect A, measuret 
from the y-axis, is given by tan A = V(cf b) 2 — d 2 /d = 
V(a 2 -}- b 2 ) / b 2 - — 1 a/b, with the quadiant dt 
termined from the signs of a and b. Thus, sine 
0z/0x == a and 0z/gy = b, the slope angle 8 U an< 
aspect A^ at a grid point (i, j) may be obtained as 

0z 2 

_ a,ctaa V — + — 

. 9 Z 

A 0 — arctan -j- A 0 

3 x jj 3y y 

where A 0 is orientation of the y-axis, and the deriva 
tives are approximated by: 

Zl-lf 5 ~ z h-i, 5 * A x 

Zi, j-i ~ %i, j+i 2 A x 

(except that, on the boundaries, the difference ove 
one grid space is used). A,, and A 0 are measured fron 
north, positive towaid the east 

With the latitude 0 specified and declination of tin 
sun S determined from the date (either from tables 
or computed approximately by the progiam), tin 
angle of incidence [3 of the sun's rays at time t on ; 
slope of angle 6 and aspect A is given by (Garnie 
and Ohmuia, 1968) 

cos (3 = (—sin 0 cos H cos A sin 0 — - sin H sin A 
sin d -J- cos <f> cos H cos Q) cos 3 + (cos <f> cos A sir 
6 + sin 0 cos 0) sin 8 

wheie H — tt (t/12-1) with t in hours Clearly, if co 
/ 3 is non-positive (ie, \(3\ ^ ?r/2) the sun's rays ar< 
not incident on the slope, and it is effectively ir 
shadow 

A point may also be shaded by neaiby topography 
This occurs whenever die angle from the horizonta 
to the skyline in the direction of tlie sun exceeds th< 
altitude of the sun T, which is given by (Robinson 
1966, p 34). 
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sin T -j- cos $ cos 8 cos H -j- sin <j> sm 8. 

The azimuth of the sun a (measured fiom south, 
positive west) is given by 

cos a = sm $ cos 8 cos H — cos <j> sm 8 
At each gridpomt (i,j) the progiam searches in tlie 
dnection of the suns azimuth for an elevation Z, so 

Z — Z i;i 5> D tan T (1) 

wheie D is the horizontal distance between the grid- 
point (i,j) and tlie point at which, the elevation is Z. 
The elevations tested for die condition; (1) are ob- 
tained by interpolation at intersections of the gild 
lines with the vertical plane through (i,j) and the sun. 
Thus, die elevation at the intei section with die k th 
gud line in the x-dnection is 

Z == (c tan a — a) Z 1 „ b k -{- (b — c tan a ) 
where c j — k, a ^ [c tan a], the largest mtegei m 
c tan a, and b — a =t 1, die sign being that of a The 
distance fiom dns point to die gndpoint (i,j) is D = 

| c sec a | Ay Intersection with the k th grid line in the 
y-direction has elevation Z and D to (i,j) given by 
Z = (c cot a-a) Z k> ^ b (b— c cot a) Z kJ _ a 

and X) | c esc a [ Ax, respectively, where c = i — k, 
a =*— [c cot a], the laigest integer m c cot tt , and b — 
a ± 1, die sign being that of a The gridpomt (i,j) is 
in shadow if condition (1) is satisfied for any such 
values Z and D detei mined 

After a shadow or no-shadow condition is estab- 
lished £oi all gndpoints within the designated sub- 
area, the parts m die shadow aie outlined on a con- 
toui map of the sub-area on miciofilm Since slope 
angle and aspect aie determined at each gild point 
during the couise of the computation, the option is 
available to plot maps of diese on microfilm, as well 
The progiam has been tested on an area of moun- 
tainous topography of appioximately 3 12 km by 1 46 
km, covering the Green Lakes Valley in the Fiont 
Range west of Boulder, Colorado The time and date 
for which die test was made were chosen to coincide 
widi those at which an RG8 an photo of die area was 
made on ERTS undei flight coverage which was at 
1148 local time on January 24 The Gieen Lakes 
Valley appeals centered about 15 cm from the left 
(northern) margin and 4 cm fiom the lower (western) 
maigin of Frame 32, Roll 28, of Mission 228. The 
paits m shadow appear quite distinctly on die air 
photo, and agreement with the shadows predicted by 
the computer piogram is excellent Fig D 1 shows 
the microfilm output from the program for dus case, 
with the shaded aieas outlined by dark lines super- 
imposed m lighter topographic contours (contour 
interval 200 ft ) Fig D 2 illustrates how Fig D 1 was 
obtained by showing which points are self-shaded 
(labeled “S") and which are shaded by neaiby topog- 
raphy (airows) Fig D.3 and Fig D.4 illustrate the 
slope and orientation maps for this topography. 



Figure D.l. Examples of output of shadow mapping 
program. (Shaded areas are outlined by heavier lines 
superimposed on lighter topographic contour lines; 
each contour interval represents 200 feet) 



Figure D.2. Modification of output of shadow map- 
ping program. (Arrows indicate areas shaded by 
nearby topography, whereas S indicates points that 
are self-shaded ) 



Figure D.3. Output of shadow mapping program 
showing areas of similar slope. 



Figure D.4. Output of shadow mapping program 
showing areas having similar aspects. 
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SUMMARY AND CONCLUSIONS 

This investigation should demonstiate that, m 
topographically-complex mountain aieas, spectral re- 
flectance is significantly related to elements of the 
terrain Owing to the limited data set utilized, and 
the interactions between cover type and topogiaphic 
variables, it is impossible to deteimine the net effec- 
tiveness of topographic variables These findings 
should theiefoie be considered as indicative of geneial 
trends which require additional analysis Specific con- 
clusions are as follows 

1 Variation in spectral leflectance is linearly re- 
lated to elements of terrain in a statistically significant 
manner* 

2 Spectral variation in ERTS channels 1 and 2 is 
most strongly influenced by variation m surface eleva- 
tion (which also included van ation in vegetative cover 
type in this study)* 

3 Spectral variation in ERTS channels 3 and 4 is 
most strongly influenced by variation in effective 
illumination index 

4. The effective illumination index, standardized 
to a circle, represents a significant improvement over 
the originally employed value* 


5 We believe that a substantial amount of spectial 
variability is attributable to altitudinal and slope con- 
trolled vegetation zonation 

6 Additional investigations are required to deter- 
mine the net effectiveness of topographic influence 
and ascertain the validity of the suggested topographi- 
cal relationship with different wavelength bands 

SUGGESTIONS 

Development of the digital terrain model and the 
ability to achieve spatial per point registration of 
spectral and topogiaphic data wan ants the following 
suggestions 

1. In aieas which aie topographically complex and 
for which ground truth is limited, topogiaphic stratifi- 
cation according to elevation, slope magnitude, and 
slope direction is recommended This stratification 
can be easily accomplished if the tenant data aie gen- 
erated by the DTM This approach facilitates a flex- 
ible level of control over a basic source of complexity 

2 With respect to per point assignment of topo- 
graphic data, the following elements are recommended 
for inclusion in such a digital terrain model* (a) point 
elevation, (b) magnitude of orthogonal slope, (c) 
downslope direction of orthogonal slope, (d) effective 
illumination index, and (e) sun scanner look angle 
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Section E 

Data Collection Platform 

Contributors 


LARS 


The feasibility of collecting environmental data 
in extreme cold and windy environments using the 
ERTS Data Collection Platform was investigated at an 
alpine site in the Front Range, Colorado, by the 
Institute of Arctic and Alpine Research. The DCP 
was installed on a broad topographic saddle on 
Niwot Ridge (40°03'23"N, 105°35'06"W) at 3,536 m 
adjacent to alpine study plotes of the U. S. Tundra 
Biome, International Biological Program (Figure E-l). 

An eight-channel signal-conditioning system was 
developed in the University of Colorado, Physics 
Electronics Shop to interface meteorological sensors to 
t lie DCP (Clark and Wells, 1973). The sensors in use 
on Niwot Ridge are as follows: 

Channels 1 to 3 — Thermistors for air temperature 
at the ground interface and at 1 and 2 m height, 
over a — 46 to -|-30 o C range. 

Channel 4 — Thermistor for ground temperature at 
15 cm depth with a — 15 to -}-l() 0 C range. 

Channel 5 — Funk-type net radiometer (for radia- 
tion between approximately 0.3 and dO/iin) in the 
range — 1 to -f-2 cal cm -2 min -1 . 

Channel 6 — U. S. Weather Bureau type three-cup 
1)C generating anemometer for measuring wind speeds 
up to 100 mph (45 m sec -1 ) or 200 mph (90 m sec -1 ) 
(switch selected ranges). 

Channel 7 — U. S. Weather Bureau weighing pre- 
cipitation gauge. This channel is provided with a tare 
adjustment potentiometer on the interface front panel 
so that the collection bucket and antifreeze charge 
weight can be eliminated from the transmission. 

Channel 8 — Monteith-type pvranometer for global 
solar radiation measurements (between approxi- 
mately 0.3 and 3.0 fxtn) in the range 0 to +2 
cal»cm~ 2 *min —1 . 

INTERFACE SYSTEM 

The interface was designed for moderately low 
power consumption and to provide for testing the 
interface performance and the DCP function, and also 
to permit easy repair or any future modification. 
All circuits are mounted on cards so that any chan- 
nel can be repaired or modified without curtailing 


IN ST AAR 
R. G. Barry 
J. M. Clark 

the continuous operation of the other channels. Pro- 
vision has been made to drive analog recorders from 
the interface outputs so that it can be utilized after 
ERTS becomes inactive. 

The from panel of the interface unit has “five-way” 
binding posts for measuring battery voltages, the 
+5-volt regulated power supply, each of the eight 
sensor inputs, and each of the 0 to -)- 5-volt outputs 
to the DCP. These features provide a means of con- 
firming the proper operation of the interface, as 
well as providing necessary measurements for ac- 
curately trimming the signal conditioning circuits. 
For testing and adjustment purposes, a ten-position 
selector switch and two pairs of binding post termi- 
nals are also located on the front panel. 

Monolithic integrated-circuit operational amplifiers 
of military aerospace specifications, with an operating 
temperature range of — 55 to 125°C are used through- 
out the design. The very stable -f-5-volt power supply 
provides reference and bias voltages for various 



Figure E.l. Nowot Ridge data collection platform 
station, 3536 m, lat. N. 40 3' 33", long. W 105 

35' 00". 
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transducer channels and also serves as a “clamp 
voltage” to prevent fault level voltages reaching and 
damaging the DCP analog input circuitry. 

An output circuit has been designed to allow 
switch selection of the output of 0 to-f-5 volts or a 
recorder drive of either 0 to 1mA or 0 to 5 mA. 
Continuous analog records provide valuable supple- 
mental data and these will be obtained from three 
of the sensors. A potentiometric millivolt battery- 
powered recorder is coupled to the net radiator chan- 
nel, a galvanometer spring-drive recorder is used on 
the wind-speed channel and an analog recorder is 
used for the precipitation channel. 

To test the entire DCS, any number of channels 
can be locked on sending a regulated -|-4.00-volt test 
signal to the DCP through the analog output jumper 
card. The test signal is derived from the 5-volt supply. 
Switches on the jumper card allow either real data 
or the test signal to be transmitted while the other 
channels continue to transmit sensor signals. 

l est data received through the DCS demonstrates 
a capability of zhO.2% precision and 0.75% accuracy. 

EXPERIMENTAL PHASE 

The DCP was installed on 25 October 1972, and it 
was operated initially on an experimental basis during 
design and construction of the interface system. From 
26 October (Julian Day 299/72) to 11 November 
(315/72), and from 3 to 14 December (337 to 348/72), 
it was operated only on Channel 1 with input from 
a thermistor sensing air tem perat ure. Availability of 
only 1.4 V DC input gave unsatisfactory resolution of 
the data. 

Channel 1 input was grounded on 15 December 
1972 (349/72), and Channel 2 input was enabled 
from a DC-generating wind speed transmitter. The 
input was passed through calibrating resistors and 
fuses to protect the DCP unit. Again maximum 
input of 1.4 V DC gave poor resolution in the data. 
This input was maintained from 15 to 31 December 
1972 (349 to 366/72), and from 1 January to 10 
February 1973 (1 to 41/73). 

OPERATIONAL PHASE 

“Operational” data have been obtained on eight 
channels from 14 February 1973 (Julian Day 45/73) 
beyond the end of 1973. Data are received on four to 
five orbits per day with one to five messages per 
pass at approximately 180-second intervals. An analy- 
sis of message frequency for 1973 is given in Table 
E-l. Non-operational periods are summarized in 
Table E-2. 

A printout of the daily data was prepared by a data 
processing program. Data are often received simul- 
taneously by Goddard and Goldstone due to the geo- 
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graphic location of Niwot Ridge. The program prints 
duplicate cards when they are present and gives the 
ID code for the ground station. [Monthly summaries 
of DCP output are available for the period from Feb- 
ruary to December, 1973.] 

Slight irregularities may occur between consecu- 
tive messages due to the zbl bit resolution of the 
DCP. This amounts to approximately the follow- 
ing units per bit: temperature, wide range .297°C; 

narrow range — 0.098°C (operated 44 to 191/73); 
solar radiation — .0117 ly; net radiation — .0132 ly; 
wind speed — .176 m sec. -1 at 45 m sec. and .352 m 
sec. -1 at 90 m sec.; and precipitation — .992 cm. 

USER PRODUCT ERRORS 

Three types of error were noted in the user- 
products. These were all relatively minor, and were 
as follows: 

1. Mispunched data cards (5 occurrences) 

Day 47 col. 13-15 = 157 

Day 99 col. 13-15 = 59 

Day 122 col. 13-15 = 12 

Day 286 col. 13-15 = 10 

Day 64 col. 35 = alphanumeric for 0 

2. Wrong cards received (1 occurrence) 

Platform no. 6075 instead of 6054 

3. Only the User Product Listing was received, 
from which cards were punched locally (1 occurrence). 

DCS PRODUCT ERRORS 

Evaluation of product errors that we attribute to 
the DCS has been performed as follows. DCP input 
can be tested on any or all channels by supplying 
a constant 4.000 V signal switch, selected on the 
analog signal output circuit card. This should initiate 
DCS output on the user card of hexadecimal “CD”, 
bit 205 of 256 = 4.000 v on channels (see specimen 
output. Table E.3). 

Cards we received when tests were conducted read 
output, Table E.3. 

Field tests on Julian Days 130 and 131/73 verified 
the interface output to the DCP analog inputs of 
4.00 V. 

It is concluded that final data from the DCS are 
two bits high on all channels. 

This analysis demonstrates the necessity of design- 
ing a test capability into the sensors interface in 
order to verify data accuracy from the sensor input 
through signal conditioning, A/D conversion, coding, 
and transmission to final product. We recommend 
modification of the interface so that this test is per- 
formed automatically after a selectable number of 
transmissions, utilizing the DCP “Data gate Pulse” 
feature. 




Table £.7. Message frequency (ISO second mode)* 


90-minute period (MST) beeinnine: _ 

Operational Daily 


Month 

days 

OS 00 

09 30 

11.00 

12 30 

18 30 

20 00 

21:30 

23 00 

average 

February 

6 

8 

15 

15 

— 

3 

18 

15 

0 

12 3 

March 

31 

57 

115 

76 

3 

29 

89 

95 

6 

15 2 

April 

22 

44 

63 

39 

— 

28 

67 

64 

4 

14 0 

May 

31 

57 

101 

57 

1 

31 

96 

95 

6 

144 

June 

15 

30 

42 

32 

1 

22 

41 

36 

3 

13 8 

July 

20 

45 

67 

40 


16 

55 

66 

1 

14 5 

August 

9 

10 

28 

21 


20 

21 

18 

4 

13 6 

Septembei 

30 

64 

102 

62 


33 

96 

99 

2 

15 3 

October 

31 

50 

113 

64 


42 

89 

91 

0 

14 5 

Novembei 

27 

48 

81 

52 

9 

37 

69 

76 

0 

13 5 

December 

31 

63 

101 

67 

1 

32 

97 

96 

2 

14 8 

Total 

253 

476 

831 

525 

8 

293 

738 

751 

28 


Mean 


19 

33 

21 

0 03 

12 

29 

30 

01 

144 


* These tabulations exclude duplicate messages, test data, and invalid data due to sensor satui ation 


Tab/e £.2. Non-operational periods, 1973 . Table £.3. "Cf" carc/s received. 


Dates 

Julian days 

Comments* 

31 May- 
4 June 

151-155 

Component failures (mteiface) and 

6 June- 
10 June 

157-161 

testing 

Component failures (interface) and 

21 June- 
6 July 

172-187 

testing 

Shoit circuit, accidental damage to 

20 July- 
27 July 

201-208 

mteiface and retesting 
Accidental shut-off of interface 

1 Aug- 
24 Aug 

213 236 

Maintenance— lelocation of mast for 

6 Nov- 
9 Nov 

310-313 

wind sensoi and theimometer scieen 

to shot ten length of signal cable, 

building thermistor shields foi air 
tempera tuie sensors 

Intel face powei failure 


* Where appropriate, these are elaborated in the section headed 
“Problems " 


INTERFACE PROBLEMS 

The only senous technical failure involved a Type 
741 operational amplifier (of military/ aerospace 
giade) used on Channel 7 This failed completely on 
two occasions Voltage tiansients in the signal cable 
were suspected The cable shield is giounded, but a 
separate giound to the precipitation gauge was also 
installed 


Channels 

Parameter 

value 

Bit 

number 

1-3 

14 10°C 

207 

4* 

5 14° C 

207 

5 

142 ly 

207 These conespond to hex- 

6 

36 11 m secr-l 

207 adecimal "CF" = 4 06 V. 

7 

2052 cm 

207 

8* 

162 ly 

207 


* Tull scale ^as later changed but the bit error was unchanged 


test mode or swi tolled it off Pieparation of an oper- 
ator instruction manual for die interface and test 
system will avoid such eirois 

DATA REPRODUCIBILITY 

During periods of constant temperature, for in- 
stance, in the soil at 15 cm, we have noticed ± to 2 
bit changes which could be attubuted to cucuit card 
instabilities or sensor and cable connections (see 
Table E 3) This is appaient on all channels 

Comparing thermistors for air temperature (Chan- 
nels 1 and 2) with die U S Weathei Buieau standaid 
tlierniometeis in die thermometer shelter confiims 
interface output agieement within L0°C These com- 
parisons are as in Table E4. 

RESULTS 


Operator errois occuned due to inexperience of 
temporary summer personnel Measui ing leads were 
left connected to the fiont panel binding posts and 
accidentally shorted to the intei face cabinet On 
future units this risk could be eliminated by the 
use of a non-conducting cabinet There were also 
data gaps because personnel left the interface in the 


The leceipt of messages pumarily at morning and 
evening liouis and the I^-hour "spiead” of the mes- 
sage time over a 9- to 10-day cycle presents major 
pioblems of data analysis for meteoiological purposes 
For example, the diurnal couise of temperature or 
solai ladiation make averaging of instantaneous data 
from 4-5 message periods inadequate to represent 
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mean daily values For climatological purposes the 
following types of data axe required: temperature — 
daily maximum and minimum [mean = (maximum 
minimum) 2]; solar ladiation, net radiation 
and precipitation — cumulative daily totals (piefer- 
ably houily), and wind speed — daily mean speed 
(based on run-of-wind total) and extieme maximum 

Analysis of wind data (m seer -1 ) at 8 m above 
ground fiom the DCP and estimates fiom a cone- 
sponding analog record over the 24-hour period gives 
the comparison m Table E5. 

The analysis indicates that useful monthly mean 
wind speeds can be obtained with the piesent mes- 
sage interval with approximately 15 transmissions 
pei day concentiated in the morning and evening 
houis However, the DCP data cannot be used to, 
estimate individual daily means unless the interface 
system incorporates an accumulating run-of-wind 
counter 

Comparison of soil tempera tuies at 15 cm meas- 
uied by thermistors linked to the DCP, and at 10 cm 
by thermistors linked to a Rustrak analog lecorder 
system for the penod 12-31 May, 1973, gives the results 
in Table E 6 

The systematically higher reading of the DCP 
theimistoi (at a greater depth) than the Rustrak 
thermistor probably i effects a difference between tire 
sites of the installations, some 50 m apart, as well 
as the slight bias of 0 2°C due to the DCS product 


enor noted previously The time trends are m par- 
allel during the period of comparison so that the 
DCP records appear to piovide a good representa- 
tion of this slowly changing parameter 
The tabulations of the monthly summary data are 
available in 1 14-hour time intervals Although the 
full diurnal course of radiation vanations cannot be 
examined, some valuable results can be derived from 
a comparison of global solar and net radiation. It 
should be emphasized that in this instance the high 
message frequency provides a sample size much 
greater than that available from conventional field 
measurement piograms including our own on Niwot 
Ridge The graph (Figure E 2) suggests a family of 
curves which aie provisionally explained as follows* 
Global solar ladiation increases lapidly in spring 
This may be l elated to the change from predomi- 
nantly advective layer cloud m March to convective 
types in May-June with an absence of cloud in 
early morning The May to June increase in net 
radiation conesponds to the increase in solar ladia- 
tion and also to the reduction in snow cover which 
loweis the albedo The net change in surface emis- 
sion can be demonstrated to be small Data from 
fuither seasons and other times of day aie needed to 
check these findings, but the lesults, if confirmed, 
are of consideiable mteiest in connection with the 
IBP studies seeking to model the energy balance 
and the interrelated pioductivity of alpine tundra 
vegetation (Webbet and Bairy, 1973) 


Table BA Comparing thermistors for air femperaft/re. 


Date 

Parameter 


Reference data (°C) 

DCP data (°C) 

16 Nov 1973 

Air temperature 


-3 2 

-2 6 

16 Nov 1973 

Soil temperatme 

10 cm 

-31 




15 cm 


-3 2 



20 cm 

-3 3 


29 Nov 1973 

Soil temperatuie 

10 cm 

-5 6 




15 cm 


-5 3 



20 cm 

-5 6 


4 Jan 1974 

Air temperature 


—15 5 

-15 9 

Dec 1973 

Mean air temperature 

0845 

-9 6 
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1015 

-9 7 

-9 2 



19 15 

-10 8 

-10 9 



2045 

-118 

-11 1 


Table H.5. Comparison of wind data. 


Month 

Number 
of da)s 

DCP 

Analog record 

Correlation 

coefficient 

Mean 

Stand dev 

Mean 

i Stand dev. 

March 

14 

65 

38 

69 

39 

+0 88 

April 

27 

67 

45 

83 

43 

+0 83 

May 

30 

72 

42 

84 

42 

+0 88 

Deccmbei 

24 

118 

35 

114 

30 

+0 87 


100 




Tab/e £ 6. Comparison of so// femperafures. 




MST (approx ) 



10 30 


20 30 


Item 

Mean 

n 

Mean 

n 

Analog 

-2 3 

20 

-2 3 

20 

DCP 

-0 5 

20 

-0 5 

20 


EVALUATION 

The DCP installed at 3,536 m on Niwot Ridge 
peifoimed excellently in alpine conditions Environ- 
mental extremes during the peiiod of opeiation were 

as follows minimum air tempo atm e 25 5°C 

(—13 9°F) (31 December 1973), electronics interface 
internal tempeiatme at circuit caids 18 6°C; max- 

imum wind speed — 40 9 m sec -1 or 91 mph (12 
December 1973) 

The second platform delivered to us was held m 
reserve as a backup, shot t age of funds for constiucting 
a second interface system prevented it fiom being 
implemented operationally 

Data quality was excellent However, die present 
message interval (widi a concentration of passes in 
the morning and evening) is unsatisfactoiy foi 
most meteorological/ climatological applications unless 
more sophisticated and costly interface units aie 
developed incorporating storage facilities The pies- 
ent message fiequency with the existing intei face 
unit is acceptable only for paiameteis such as giound 
tempera tuie which change sl owl y on a diurnal basis 

APPLICATIONS 

Meteorological data fiom l emote mountain loca- 
tions are rate and many sections are sited foi con- 
venience m accessible valleys Eoi example, the cli- 
matological station at 3,750 m on Niwot Ridge, 
which has been serviced at weekly intervals — weather 
and manpower permitting — by INSTAAR peisonnel 
since 1952 represents the longest such data series at 
tins elevation in western North America. Theie are 
few weather stations at or above 3,500 m Data from 


ly min 1 



NET RADIATION 

Figure E 2. Comparison of global solar radiation 
with net radiation. 


mountain stations aie of critical intei est in a vaue ty 
of aieas 

Specific examples include (1) momtoiing current 
weather conditions in the high mountains to provide 
shoit-tenn forecasts oi leports to foiecasters, highway 
maintenance staff, touiists, and pilots of light air- 
craft. The potential value of such information, if 
available on teletype on a “leal-time” basis has been 
confirmed by Mr Marshall Grace, Chief Forecaster, 
Stapleton Airport, Denver (pers comm , January 
1974); (2) predicting snow melt and water yield, and 
(3) monitoring long-teim climatic tiends in an essen- 
tially pollution-free envhonment 
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Section F 

Results and Conclusions of Significance 

Contributors 
R M. Hoffer 

and all LARS and IN ST AAR Staff 


The first section of this report described the 
rationale and background of this research, defined 
the objectives, and provided a general evaluation of 
the entire project. Many diffeient phases of our 
research efforts have pioduced results which we be- 
lieve are highly significant m the overall develop- 
ment of remote sensing technology. New techniques 
for handling and analyzing multispectral scanner 
data were developed; various cover types were classi- 
fied over larger areas than had ever before been pos- 
sible, also, the lesults conclusively demonstrated the 
efficiency and applicability of computer-aided analysis 
techniques for mapping and tabulating acreages of 
Level I cover types, even in areas of mountainous 
terrain. The most significant results and the specific 
conclusions of diis contract follow. 

ECOLOGICAL INVENTORY 

Classification Performance 

• Good classification accuracy (90-95%) can be 
achieved in areas of rugged relief on a legional basis 
for Level I cover types (coniferous foiest, deciduous 
foiest, grassland and cropland, bare rock and soil, 
and water) using computer-aided analysis techniques 
(CAAT) on ERTS-1 multispectral scanner data. 

• Areal estimates for Level I cover types using 
CAAT are highly accurate, as shown by correlation 
coefficients gi eater than 0 973 when computer derived 
acreages were compared to acreage estimates obtained 
by standard photo-interpretation techniques 

• Computei -aided analysis techniques allow accu- 
racies of 70-80% to be achieved, without accounting 
for vanations m spectral response due to topography, 
for Level II forest cover types (pinyon-juniper, pon- 
derosa pine, douglas fii, spruce-fir, aspen, and Gam- 
bel oak), and tundia classes (dry tundra, wet tundra, 
and Willow-krumholtz) 

• Statistical analysis showed that m mountainous 
areas, spectral response of Level II forest cover types 
is significantly (0 99 level) influenced by variations 
in stand density, aspect, and slope, as well as differ- 
ences between species 


Cost Evaluation 

• Cost comparisons showed that a Level I cover 
type map and a table of areal estimates could be 
obtained for the 443,000-hectare (2,456,000-acre) San 
Juan Mountain Test Site for less than 0 10 per acre, 
whereas photo-interpretation techniques (for the 
same area and to produce similar results) would cost 
more than 0.40 per acre Cost comparisons on the 
relatively small Vallecito Intensive Study Area (24,211 
hectares) indicated that using the computer-aided 
analysis techniques cost moie per acre than the photo- 
mterpretation technique, because some of the per- 
sonnel costs involved m the computer processing did 
not change significantly even though the size of area 
involved was considerably smaller than the San Juan 
Mountain Test Site. Therefore, for areas of over 
100,000 acres, computer-aided analysis becomes moie 
cost-effective than photo-intei pretation for obtaining 
maps and aieal estimates of Level I cover types 

Techniques 

• The “modified clustering” computer-aided analy- 
sis technique provided the most effective procedure 
for obtaining the training statistics, and it was there- 
fore developed and documented as an operational 
approach for analysis of satellite scanner data. 

• Relatively small poitions of the total data set 
aie necessary to develop adequate sets of training 
statistics, as was shown by the use of only 1,177 ERTS 
resolution elements m 16 duster areas to tram the 
computer for the classification of the 2,170,420 resolu- 
tion elements contained in the San Juan Mountain 
Test Site area which covered 63 U S GS quadrangles 
Thus, less than 1/10 of 1% of the total data set was 
utilized for training statistics and yet a Level I 
classification accuracy of 94% was obtained. 

• To obtain a reasonable evaluation of computer 
classification accuiacy, it is necessary to quantitatively 
compaie the results using both a test field and an 
areal estimate approadi. 

• To effectively and accurately map forest and 
alpine vegetation types at a Level II degree of detail 
from 1 100,000 scale color infrared photography, two 
dates are recommended as well as stereoscopic view- 
ing of the photography 
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General 

• Reasonable estimates of biomass pioductivity 
were calculated using aieal estimates obtained from 
the computer classifications 

• Contracts with the U. S Forest Seivice, National 
Park Service, Bureau of Reclamation, several Colo- 
rado state governmental groups, and several state 
and county land use planning gioups have enabled 
the development of considetable interest, and enthu- 
siasm for the potential applications of ERTS-1 data 
to meet the particular user agency needs 

HYDROLOGICAL FEATURES 

Snow Cover Mapping 

• Results of tins investigation have conclusively 
pi oven that the areal extent of snow cover in moun- 
tainous terrain can be rapidly and economically 
mapped by using ERTS-1 MSS data and computer- 
aided analysis techniques (CAAT), providing cloud 
free data can be obtained. 

• Temporal changes m the areal extent of snow 
cover could be accurately measured by digitally over- 
laying multiple data sets (in this study, six sets of 
ERTS data obtained between November 1, 1972 and 
June 5, 1973 were overlayed) followed by computer 
analysis using a specially developed change-detection 
analysis program 

Mountain Lake Mapping 

• The freeze-thaw sequence of mountain lakes can 
be effectively monitoied with ERTS data. A distinct 
relationship between elevation and time of freeze or 
thaw was observed 

• The freeze-thaw study of mountain lakes and 
the study of tempoial changes m the aieal extent 
of the snow pack both indicated that an 18-day data 
collection cycle was not adequate, particularly dur- 
ing the spring mnoff The ability to collect data 
only eveiy 18 days was lestneted by cloud cover 
problems which often decreased fiequency of data 
collection to 36 or 54 days, a frequency which is 
unacceptable for many hydrological pui poses 

Spectral Response Analysis 

0 Snow cover and clouds cannot be reliably dif- 
ferentiated on the basis of spectral i espouse m 
ERTS-1 data, due to detector saturation and the 
available spectial range This was clearly shown by 
analysis of several thousand data values from both 
snow and clouds on tapes from three different dates 

• Similar spectral lesponse was found for many 
water bodies, aieas of terrain shadow, and cloud 
shadow aieas, theieby making spectral differentiation 
of water bodies difficult ERTS band 4 (0 50-0.60/iin) 
did allow spectial separation between water and 
cloud shadows, and water could be sepaiated from 


areas of terrain shadow using ERTS band 7 (0 80- 
1 10/on) except where terrain shadow coincided with 
areas of forest cover. 

GEOMORPHOLOGICAL FEATURES 

• Basic lithologic units such as igneous, sedimen- 
tary and unconsolidated rock materials have been 
successfully identified using computer-aided analysis 
techniques, thus indicating that such techniques, 
when judiciously applied, are beneficial in studying 
geologic materials However, separation of individual 
lock types within a lithology is moie difficult than 
separating the basic lithologic units 

• Geomoiphic form, which is exhibited through 
spatial and textural data, can only be inferted from 
computer analyzed ERTS MSS data. 

• On a regional scale, there appeals to be some 
correlation between vegetative cover and geomorphol- 
ogic units Through inference and the study of an- 
cillary information, this relationship is useful m 
geologic mapping This is significant because of the 
need for incorporating interpretation of geomorphol- 
ogic features on land use planning activities 

• ERTS data provides geologists (and other us- 
ers) with a unique previously unavailable perspective 
of the earth's surface This enables previously un- 
coi related earth surface features of possible sig- 
nificance to be identified, and delineated for further 
study. 

DATA COLLECTION PLATFORM 

• DGP systems can be utilized to produce satis- 
factory data from extremely inaccessible locations 
that encounter very adveise weather conditions, as 
indicated by results obtained from a DGP located at 
3,536 meters elevation that encountered minimum 
temperatures ol — 25.5 °G and wind speeds of up to 
40 9 m sec — 1 (91 mph), but which still performed 
very reliably 

• The present message interval is unsatisfactory 
for many meteorological /climatological applications, 
unless more sophisticated and costly interface units 
having storage capabilities are developed 

RECOMMENDATIONS 

In addition to the significant lesults and conclu- 
sions defined above, it should be pointed out that 
this study repiesented one of four ERTS-1 investiga- 
tions in which the Laboratory fot Applications of 
Remote Sensing (LARS), Purdue University, was 
heavily involved Many of the data handling pro- 
grams utilized in this Coloiado study were developed 
as pait of the ERTS-1 Wabash Valley study These 
data piocessing techniques have been described m the 
Final Report of the Wabash Valley study It should 
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be emphasized that without the development of these 
techniques in an mtegiatecl ERTS-1 lesearch progiam 
at LARS, much of the effectiveness of the work on 
the Coloiado test site would have been seveiely 
hampered The geometric collection progiam was of 
particular significance in this legaid 

The experiences and lesults of this lesearch with 
the ERTS-1 data have also indicated a number of 
lecommendations which should be consideied in de- 
signing and implementing futuie satellite scanner 
data collection systems These aie as follows 

• Fiequency of data collection The 18-day col- 
lection sequence available with ERTS-1 proved to be 
inadequate for seveial phases of this study Even if 
cloud free conditions had existed during critical times 
of the year, an 18-day cycle would pi ob ably not be 
adequate for effectively monitoring changes m the 
snowpack during the ciitical peiiod of the spring 
lunoff An 8- to 10-day cycle would be much more 
satisfactory for hydrologic studies in the future Be- 
cause of fiequent cloud cover pioblems, such an in- 
crease in frequency of coveiage would also assure a 
higher probability for collection of adequate quantity 
and quality of data duung critical periods of the 
vegetative growing season 

• Wavelength bands utilized . Woik with aircraft 
data and recent work with SKYLAB data has clearly 
shown the impoitance of the middle infrared and 
thermal infrared pomons of the spectrum for many 
applications areas Because the ERTS-1 scanner did 
not obtain data in these wavelength regions, we be- 
lieve that the classification accuracies achieved are 
not as accurate as would be possible Addition of at 
least one wavelength band in the middle infiaied 
portion of the spectium (1 3 -2.6^,m) and at least one 
channel m the 8-13 5/im theimal infiared legion m 
future satellite scanner systems will unquestionably 
allow significant improvements in many of the results 
obained, and in the utility of this type of satellite 
data 

• Time of day In ordei to minimize the amount 
of information lost in areas of topogiaphic shadows, 
a data pass near solar noon would be optimum How- 
ever, because of the normal mid-day build-up of 
cumulus clouds, it appears that the time of day 
utilized m this ERTS-1 experiment was nearly ideal, 
and a change in time of data collection would not be 
recommended for futuie systems 

• Delays in icceipt of data Lengthy delays in re- 
ceipt of data in either image or tape foimat pie- 
cluded the possibility of a lapid analysis of the data 
and subsequent field checking of anomalous situa- 
tions It is highly recommended that a system be 
developed to get an intermediate quality product into 
the hands of the investigators within 2-4 days after 
data collection If cloud cover is minimal and oveiall 


data quality appeals promising, the investigator could 
then request tapes and final image product outputs 
A relatively short turn around would need to be 
possible for these final pioducts, also. 

e An a aft Undei flight Data The impoitance of 
the high quality, small-scale aenal photogiaphy ob- 
tained fiom NASA's WB-57 should be emphasized. 
Without this aerial photogiaphy, the project could 
not have been satisfactory completed, because many 
porions of the San Juan Mountain Test Site did not 
have any photographic data available Howevei, the 
delay in the acquisition of this base-line aerial pho- 
tography from the summer of 1972 until the summer 
of 1973 seriously liampeied progress dui mg the early 
phases of the investigation Because of nearly com- 
plete snow covei in the mountains during the winter, 
lack of 1972 photography meant that much of the 
necessaiy cover type mapping from the aerial pho- 
togiaphy could not be started until nearly a year 
after the contract was signed This cieated additional 
problems throughout the project, and particularly din- 
ing the 1973 field season It is recommended that 
areas without existing aeiial photography and with 
critical time periods for data collection should be 
given special consideration in defining aircraft flight 
schedules in conjunction with futuie satellite research 
and operational progiams 

• Data piocessing Because of the impoitance of 
geometrically collecting the ERTS-1 satellite data, 
and because of the growing demand by many users 
for geometrically coirected data, we would recom- 
mend that a system be established to geometrically 
conect all future data collected as eaily in the data 
processing sequence as possible However, it is vital 
that the geometric collection piocess should not lm- 
pan the radiometnc quality of the data 

« Data oveilay capability The ability to overlay 
multiple data sets is becoming increasingly important, 
m that it allows the temporal dimension of the spec- 
tral information to be fully utilized, and will also 
allow satellite data to be effectively i elated to othei 
map bases Theiefoie, futuie systems should provide 
a data tape format that has been geometrically cor- 
rected to a standaid format base 

In closing, we believe that a great deal has been 
accomplished as a lesult of this ERTS-1 experiment 
Significant piogiess was made in learning how to 
piocess, analyze, and interpret MSS data Contacts 
with user agencies indicate that they aie becoming 
excited about the possibilities for-utilizing this type 
of data in their day-to-day management decisions 
Looking ahead, we must strive even moie diligently 
in future months to develop economical and effective 
analysis, and evaluation techniques so that maximum 
use can be made of data obtained from future satel- 
lite systems m various operational programs 
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Appendices 


APPENDIX A 

Appendix A*l« Forest Cover Tree Species Description 


Aspen and Oak 

The deciduous tiee species in the San Juan Moun- 
tains [aspen (Po pains iremuloides Mich ) and scrub 
oak (Queicus gambelu Nutt )] form bioad seial stands 
following fire Their clonal habit makes them ideal 
colonizers after a fire 

The intense heat produced by a fire frequently de- 
stroys conifer seed located within the volatized duff 
layer. The rhizomes of both oak and aspen may be 
located below the point of destructive heat penetia- 
tion Recolonization by deciduous species can occur 
via cloning from suiviving lliizomes Recolonization 
of burn areas is lapid and clonal stands may persist 
for many yeais Aspen are intolerant of shade (Baker, 
1949), and are giadually invaded and replaced by 
conifeious species which grow taller and thicker, and 
gradually block out the sunlight Scattered lelics of 
both aspen and oak persist within climax coniferous 
stands, and these are isolated suboidinates from the 
nuclei for serai revegetation following anothei file 
(Uggla, 1958) 

Some aspen stands tend to lesist invasion by conifers 
due to wintei wind disbudding invading conifers in 
the undeistory The loss of the apical bud of conifers 
letards height growth This impedes both maturation 
and cone production, and thus postpones dominance 
by the invading conifers (Rowe, 1953). 

Scrub oak, although unimportant as a lumber re- 
source, conti lbutes substantially to wildlife suste- 
nance, and retards erosion following a fire (Reynolds, 
et al 1970) Oak is fiequently found associated with 
ponderosa pme (Pin us pondeiosa ) The pine-oak sa- 
vannah in the San Juan mountains is a product of 
lepeated brush fires Both species are resistant to the 
effects of fire, and aie ideally suited to foim a pync 
climax 

Oak and aspen may foim topoedaphic climaxes on 
steep slopes that have high degiadation lates Within 
the study area scrub oak climaxes are found on the 
steeper slopes of the hogbacks, particularly the south- 
ern portions of Baldy Mountain, Ludwig Mountain, 
and Rules Hill quadrangles. Within scattered ravines 
on noi tli-facing slopes of the hogbacks there is suf- 
ficient moistuie to support small populations of aspen 
Aspen characteristically need a higher soil moisture 
than oak (Weigle, et al 1911) Aspen seldom form 


a pyric climax due to the moisture gradient and ele- 
vational distribution 

Ponderosa Pine 

Mature pondeiosa pme (Pinus pondeiosa Laws) 
are ideally adapted foi a pyiic climax (Daubenmire, 
1952) due to its thick bark, branches high on the 
trunk, and wide spacing The ponderosa pine seed- 
lings, with the terminal buds protected by long 
needles, are fairly lesistant to the effects of blush fires 
(Odum, 1953) 

The soils of ponderosa pme stands have a lower 
acidity and thinner duff layer than soils supporting 
Douglas fir stands [ (Pseudotsuga menziesu Michx) 
Daubenmire, 1952] 

Douglas Fir 

Douglas fu [ ( Pseudotsuga menziesu var glauca 
(Brissn )) Franco] tends to require acidic soil (pH 4 5 
to 6 5) and greater moisture (Isaac, et al 1958) than 
pondeiosa pme, and is usually found on north-facing 
slopes in the lower elevations of its range Ponderosa 
pine seedlings have low shade tolerance and cannot 
compete with Douglas fir seedlings under the foies t 
canopy (Muller, 1971) Although Douglas fir is toler- 
ant of shade, it is less toleiant than Engelmann spruce 
or subalpine fir (Baker, 1949) 

Within the San Juan mountains, Engelmann spruce 
and Douglas fir may form a topoedaphic climax on 
locky south-facing slopes or ridge tops The rock 
nature of the sites maintain the natural spacing that 
permits competition with spruce at higher elevations. 
Seveial factors influence the Engelmann spruce/Doug- 
las fii competition Trees on these rocky sites have 
gieatei exposuie to the sun which causes rapid temper- 
ature fluctuations detrimental to germination of spruce 
seeds (Bjor, 1970) Solanzation harmful to spruce seed- 
ling development (Ranco, 1970), and the light in- 
tensity which inci eases the hardiness of Douglas fir 
(Van Den D ness the, 1970) favor the establishment of 
Douglas fii 

White Fir 

White fir [Abies concoloi (G. & G. Lindl] is pro- 
lific and reaches maturity quickly, and is an extremely 
efficient, serai competitor (Miekel, 1962) Within the 
San Juan Mountains, white fir is usually found as- 
sociated with aspen in aieas of disturbance White fir 
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and Douglas fir tend to invade Ponderosa pine stands 
White fir is shorter than Douglas fir and has a much 
smaller crown diameter, so it is shaded out as Douglas 
fir canopy develops There is evidence that the ele- 
vational limit of growth is determined by winter stress 
(Wright, et al 1971) 

Enge/mann Spruce 

Engelmann spruce [Picea engehnanm (Pairy) Em 
gelm] forms dense climax cover, and is restricted at 
its upper boundary by timberline. In the timberlme 
ecotone, which varies in elevation, Engelmann spruce 
forms krummholz which are houzontally flattened 
tiees growing m the dnection of the prevailing winds 
The lower boundary of Engelmann spruce may be 
caused more by bark beetle attack than by abiotic fac- 
tors In , the ecotone with Engelmann spruce and 
Douglas fir as codominants, a high proportion of 
spruce beetle infection occurs By selectively attacking 
spruce, the species composition of the ecotone fluctu- 
ates Spruce loss allows Douglas fir to assume domi- 
nance 

The association of Engelmann spruce and sub alpine 
fii is shade tolerance (Asadetshas, 1969), and this tends 
to eliminate both white fir and Douglas fir in areas 
where these species overlap (Jones, 1971) 

P/nyon P/ne 

Pinyon pme {Pinus eduhs Englem) is a species 
that usually forms a topoedaphic climax It grows on 
south-facing gravelly slopes at lower elevations The 
wide uniform spacing of the pinyon pine indicates 
that soil moisture determines dispersion On moister 
sites, Ponderosa pine eliminates Pinyon pme shading 

Rocky Mountain Juniper 

Rocky Mountain juniper (Jumpenis scopulonim 
Saig) is usually found on dry south-facing slopes in 
association with Pinyon pme or Ponderosa pine. Pin- 
yon pme tends to replace juniper in the areas these 
species associate (Woodbury, 1947) Jumper and Pm- 
yon pme tend to grow m slightly alkaline soils (pH 
8 0) (Pearson, 1931) Both species are intolerant of 
shade (Larson, 1930) As jumper is usually found at 
higher elevations than Pinyon pme, it probably lias 
greater tolerance of severe environmental conditions. 

Suba/p/ne Fir 

Subalpme fir [Abies lasiocaipa var lasiocaipa 
(Hoop) Nutl ] is usually found growing m association 
with Engelmann spruce Subalpme fir has less exacting 
soil requirements and is sometimes found on soils 
that are too wet or too dry for spruce (Alexander, 
1958) Within the San Juan Mountains, subalpine fir. 


or corkbark fir (A lasciocaipa var anzonica> Mernam 
Lemm ), a geographical variety, form scattered stands 
mixed with Engelmann spruce Engelmann spruce 
forms extremely dense stands in this area, and often 
this reduces the number of subalpine fir due to com- 
petition 

Umber Pine 

Limber pme {Pinus ftexihs James) forms topoeda- 
phic climaxes on ridge tops and exposed areas In 
these sites, wind velocity and rocky soil eliminate com- 
petition from other species not adapted to these con- 
ditions. 

Ofber Species 

Other species of vegetation occunmg in the test 
sites are listed below 

Sedge (Cat ex sp ) 

Alpine timothy (Phleum alp mum) 

Thurber fescue (Festuca ovina) 

Tundra rush (Juncus diummond) 

Avens (Geum tuibinatum) 

Tundra bluegrass (Poa i upicola) 

Cork bark fir {Abies lasioca'ipa var anzontca Meniam) 
Scouler willow (Sahx scoulenana Banatt) 

Thin-leaf alder {Alnus tenia folia Nutt) 

Water birch {Betula occidentahs Hook) 

Golden currant {Ribes avenim Pursh.) 

Wax currant {Ribes cereum Dougl ) 

Snowberry (Symphoncai pos oieophihis) 

Rocky Mountain maple (Aco glabium Torr ) 

Arizona fescue ( Festuca ai izomca Varsey) 

Mountain muhly {Muhlenbei gia montana (Nutt) 
Hitclic ) 

Pine dropseed {Blephai oneui on tncholepis (Nash) 
Torr) 

Bluegrama (Boutelova gracilis HBK) 

One-seed jumper {Jumpenis monosperma (Engelm ) 
Sarg) 

Utah jumper {Jumpenis osteosperma (Torr) Little) 
Rocky Mountain jumper {Jumpenis scopulomm 
Sarg) 

Ceanothus (Ceanothus {Ceanothus sp ) 

Buckbush ( Ceanothus fendlevi) 

Cliff rose (Cowama mexicana) 

Galleta (Hilana jamesn Torr) 

Gano dropseed {Sporobolus cryptandi us Torr) 
Mountain mahogany (Cei cocarpus betuloides) 
Manzanita (Ai ctostaphylos pun gens) 

Apache plume (Fallugia paiadoia) 

Bluestem (Andiopogon scopanus) 

Side oats grama (Bouleloua cuitipenclula) 

Black grama (Bouteloua enpoda) 

American vetch (Victa ameucana) 
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Appendix A.2. Film Evaluation 


Mission 

Roll 

Type 

Date 

Frames used 

Description 

238 

48 

CP 

6 6-73 

0017 0018 

Good contrast in greens, both coniferous and deciduous 
types Easily distinguished large scale is very good One 
can see individual decs for crown shape and color 
discrimination (note CIR of same mission has poor 
contrast in reds Used for northern Ludwig Mountain 
(Lake Simpatico and noith) Wide range of green 
values and saturation 


48 

CP 

66-73 

0057-0058 
0072-0073 
0109 0110 

Used in conjunction with smaller scale CIR for conif- 
erous distinction (CIR used for deciduous due to ex- 
tremely good contrast in reds was the more recently 
acquncd 48-roll 23). 

238 

49 

CIR 

6 6-73 


Generally less separability m reds between deciduous 
and coniferous, especially in mixed communities 
Douglasfir is difficult to distinguish from aspen 

259 

30 

CIR 

6 6-73 

0111-0112 

0113 

Used for southern Ludwig Mountain due to lack of 
larger scale coloi (238 roll 48 does not go far enough 
south) Good contrast between deciduous and conifer- 
ous except m higer elevations where vernalization has 
been delayed by late snow Pool contrast m conifeious 
among species due to smallness of scale (about */> the 
size of 238 loll 48) 

239 

29 

CPOS 

6 6-73 

None 

Distinction between shades of green not as good as 
distinction between shades of led on 239-30 Thus not 
used for vegetation mapping Film otherwise good 

248 

23 

CIR 

84-73 

0110-0111 

Very good contrast between comfeious and deciduous 
(twice as good as 239 30 which was good) Used in- 
stead of 239-30 since it amved in all areas where 
coverage occurs It is especially much better in higher 
elevations than 239-30 Unfortunately 248-23 misses the 
tundra area on Vallecito by a very small margin There 
was also some difficulty separating oak from meadow 
due to smoothness of texture on both and similarity 
of led tones 

248 

22 

CPOS — 

8-4-73 

None 

Distinction between shades of gieens on this roll not 
as good as corresponding red shades on 248-23 

248 

69 

CIR 

8-15-73 

0088-0090 

Very good exposure foi vegetation cover type dis- 
crimination in the tundra Some difficulty in discrimi- 
nating the willows from aspen below timbeilme due 
to similai values of red Distinction of details on 
eastern porton of fames 0088-90 extremely difficult 
within coniferous forest due to density of film Ex- 
cellent exposure for tundra, poor exposure for forest 
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Appendix A.3. Photo-Interpretation Criteria for Vegetation Mapping: San Juan Mountain Test Site 


Photomterpretation criteria of NASA aircraft coverage for vegetation mapping of Ludwig Mountain and Vallecito Reservoir quads, San Juan Moun- 
tains test site ♦ ^ 


Cover type 

Mission 

ISCC-NBS color 
for cover type, 
relatively Ie>el, 
full sunlight 


Hue and value 


Observed 

elevational 

limits 

Community description 
and rcmaiks 

(Levels 1 & 2) 

/roll 

conditions 

CPOS 

OR 

Texture 

FOREST 

Coniferous 

Pinon-Jumpcr 

Cl 

239/30 

17 v d Red with 
19 gy Red and 
185 p Blue 



gieyied led and 
blue mixtuie 

Mixed, scatteicd, 
speckled 

Rounded ciowns 
visible 

7,200- 

7,800 

Found on Ludwig Mountain quad. 
Usually vegetation is sparse (den- 
sity = I, II) and baic soil or lock 
is visible between the vegetation 
Stands occur in xeric sites on ex- 
posed south facing slopes or hilltops 
on southern edge of quad 

FOREST 
Coniferous 
Pondeiosa Pine 
C 2 

238/48 

147 v d G or 
166 vdbG 
151 d gy G # 

Deep slightly 
greyish green 


Same as above 
except laigcr 
scale allows 
analysis of crown 
shape which is 
broad and rounded 

7,000- 

9,400 

Found on Ludwig Mountain and 
Vallecito Reservon quads Densities 
of growth may vary abruptly from 
100% crown closure to very open 
conditions (I, II, III) Open to 
modei ately dense stands (I, II) may 


239/30 

17 v d Red with 
16 d Red 
19 gy Red 
186 gy Blue 



Dominant coloi 
deep led of 
Ponderosa Pine 

III neatly con- 
tinuous, rounded 
crowns visible, 

II mod continuous, 
rounded crowns 
visible 

I discontinuous, 
lounded crowns, 
tin derstory visible 


have oak or shiub understory 
visible through the crowns of the 
Ponderosa Pine. Recent disturbance 
may generate very dense stands due 
to closely seeded young trees Stand 
sites occur in all aspects of low 
relief m southern Ludwig Moun- 
tain quad. Furthei north it is re- 
placed by othei cover types on 
north, east and west facing slopes 
Its most northern occurrence is on 


248/23 

14 v deep Red 
may giade to 
17 v d Red or 
16 d Red* 



Dark brownish 
led varies with 
aspect and density 



south facing slopes Sites generally 
mesic Occuis with Colo Blue 
Spiucc on flood plains in south. 

FOREST 
Coniferous 
Douglasfir/ 
Ponderosa Pine 
C23 

238/48 

147 v d G 
166 v d bG 
151 d. gy G* 

Slightly gieyish 
deep gicen 


Nearly con- 
tinuous, mottled, 
rounded ciowns 
visible 

Ponderosa crowns 
lesemble Douglasfir 

7,200 

9,400 

Found on both Ludwig Mountain 
and Vallecito Reservoir quads In 
the south it appeals on the noith 
sides of hills giadually assuming 
eastern and western exposures at 
higher elevations Usually occurs in 


239/30 

17 v d Red 
14 v deep Red 

Deed red, 
slightly bluish 
on slopes 

Mottled by 

crowns 

Individual ciowns 
visible but not 
useful for distin- 
guishing type 

dense stands (III). It may grade 
into either Douglasfir/ White Fir or 
Ponderosa Pine cover types Dis- 
tinguish from Ponderosa Pine most- 
ly by aspect and density from 
ground observations. 



248/23 

17 v d. Red 

Deep led to 

Mottled by ciowns 

14 v deep 

reddish biown 

Individual crowns 


41 deep 


visible but not 


i Br 


useful for distin- 
guishing type 


FOREST 
Comfcious 
Donglasfir/ 
White Fir 
G 3 

238/48 

151 d gy G 
(white fir) 
111 a gy G 
147 vdG* 

White fn greyish 
blue green 


Uneven ciowns 
quite mottled 
White fii and 
Douglasfn similar 
except foi coloi 

7,200 

9,400 

Found on Ludwig Mountain and 
Vallecito Rcscivoir (Juad Replaces 
Ponderosa Pine/Douglasfii on steep 
noith, east and west facing slopes 
Generally occuis at highci cleva 
tions than Ponderosa Pinc/Douglas- 
fu Densities of stand usually III, 
Uneven ciown heights and White 
Fn’s distinctive gieygicen coloi 
makes it distinguishable 


239/30 

17 v d Red 
41 deep r Br 
with a slightly 
bluish cast 


Douglasfir and 
white fn similar 
shade-deep led, 
slightly brown 
or blue 

Uneven ciowns 
visible. 

Coloi differences 
more dfficult to tell 



298/23 

17 v d. Red 
14 v deep Red 
41 deep r Br 


Deep leddish 
biown 

Uneven ciowns 
visible 

Color differences 
moie difficult to tell 



FOREST 
Coniferous 
Spi uce/ Fir 
04 

238/48 

147 vdG 
152 Blackish C 
151 d gy G* 
depending upon 
slope and aspect 

Fiom deep foicst 
giecn to giayish 
gieen 

- 

Mottled, but 
ciowns fairly even 
and pointed 

9,000 

11,000 

Found on Vallecito Reservoir at 
highei elevations Fust appears on 
north and then east and west fac- 
ing slopes, later on south facing 
slopes Densities usually III Grades 
into Douglasfn /'White Fn Pointed 
ciowns on 1 40,000 scale miageiy 
distinguishes it fiom other conifeis. 


239/30 

17 v d Red 
14 v deep Red 
41 deep r Br 
186 gy Blue 


Giadcs fiom 
red-blue to 
red biown with 
blue undeistoiy 

Mottled, but 
crowns fairly even 
and pointed 



248/23 

41 deep i Bi 
14 v deep Red 


Deep reddish 
biown 

Mottled but 
ciowns fairly even 
and pointed 



FOREST 
Coniferous 
Coloiado 
Blue Spi uce 
C 6 

238/48 

147 v d G 
151 d gy G* 

Fiom deep forest 
giecn to giayish 
green 


Mottled, crowns 
pointed may be 
discontinuous 

7,000 

7.800 

Found on Ludwig Mountain and 
Vallecito Reservo li quads along 
major nvcis on flood plains. Densi 
ties vaiy fiom I-III It may be 
mixed with Pondeiosa Pine oi 
Cottonwood Not extensive. 

239/30 

17 v d Red 
14 v deep Red 


Deep red 

Mottled, pointed 
ciowns, may be 
discontinuous 



248/23 

41 deep r Br 
14 v deep Red 


Deep i eddish 
biown 

Mottled, pointed 
ciowns may be 
discontinuous 




o 



£ Phofointerprefaf/on criteria of NASA aircraft coverage for vegetation mapping of Ludwig Mountain and Vallecito Reservo/r guac/s, San Juan Moi/n- 
° fa/ns test site, —Continued 


Cover type 
(Levels 1 & 2) 

Mission 

ISCC-NBS color 
for cover type, 
relatively level, 
full sunlight 
conditions 

Hue and value 


Observed 

devotional 

Community description 
and remarks 

/roll 

CPOS 

CIR 

Texture 

limits 

FOREST 

Deciduous- 

Coniferous 

Ml 

238/48 

147 v d G 
151 d gy G and 
146 «L G to 
126 d. 01. G oi 
137 d y G 

Dark giecn 
comfeis mixed 
with more yellow 
gieen or bnghtci 
green aspen 


Mottled with 
patches of smooth 
aspen mixed 

7,400 

11,900 

Found on Ludwig Mountain and 
Vallecito Rcscivoir quads O ecu is 
mostly in logged oi burned aieas 
wheie comfeis mix with aspen 
Veiy extensive on western Vallecito 
Reservon Densities vaiy fiom I to 
III All slopes and aspects are in- 
cluded Sites are mesic. 


239/30 

17 v d. Red 
14 v deep Red with 
16 d Red 
13 deep Red 


Daikcr led 
comfeis with 
pinkish icd to 
bluish pink aspen 

Mottled with 
patches of smoother 
aspen mixed 



248/23 

41 deep r Br 
14 v. deep Red with 
13 deep Red and 
11 v Red 


Daikcr biown-rcd 
conifers with 
brilliant to 
deep red 




FOREST 

Deciduous 

Riparian 

Cottonwood 

(Willow) 

D 1 

238/48 

164 m. b G to 
147 v d G 

Vanes from 
lighter bluish 
giecn to deep 
green 


Discontinuous, 
puffy clowned, 
mottled 

7,000 

7,800 

Found on Ludwig Mountain and 
Vallecito Reservon quads along 
majoi uvei flood plains Densities 
may vary fiom I to III Mixing 
occuis with coniferous species and 
cover type giades into tall willow 
with mci cased elevation Sites aie 
quite moist, with high water tabic 

239/30 

16 d Red 


Medium pinkish 
red 

Discontinuous, 
puffy ciowncd, 
mottled 



248/23 

11 v Red 


Blight red 

Mottled, may be 
discontinuous 


FOREST 
Deciduous 
Oak shrub 
D 3 

239/30 

184 v p B 
263 White 
6 d Pink 


Mottled blue- 
grey and 
light pink 

Rough, discontin- 
uous 

7,000- 

8,000 

Occuis on Ludwig Mountain quad 
on diy, south facing slopes on 
southern half of quad Densities 
usually I oi II Much baie soil or 
lock may be visible Occasional 
Pondciosa Pine may occui 

FOREST 
Deciduous 
Oak 
D 4 

238/48 

150 gy Green to a 
bnghtci grey giecn 

Pale grey gieen 
to a brightei giey 
giecn Varies 
with elevation 


Mottled, slightly 
lough sui face 

7,000- 

9,800 

Occurs moie extensively on Ludwig 
Mountain than on Vallecito Resci- 
von quad Foiest stands on noilh 
facing slopes of hog backs To a 
lesser extent appeals i datively fic- 
qucntly on all exposuics and usual- 
ly as understory in Ponderosa Pine 
stands On south facing slopes 


239/30 

Slightly pinker than 
19 gy Red and 
15 m Red 


Gieyish red 

Mottled, slightly 
rougli surface 



248/23 

None apply 


Bright to dark 
red oiangc 

Mottled, slightly 
rough suiface 


giades into sparsei and perhaps 
dner oak shrub covei type Com- 
munity shape lobatc or elongate, 
especially on hogback slopes 



FOREST 

Deciduous 

238/48 

145 m G 

146 d G* 

Fanly bught 
giey green 


Rounded ciowns 
visible 

7,600- 

11,700 

Found on Ludwig Mountain and 
Vallecito Reseivon quads Usually 
occuis on noith facing slopes at 
lowci elevations and gradually 
moves to all aspects with increas- 
ing elevation May be associated 
with moist oi distin bed aieas. Oc- 
cuis mixed with conifeis veiy ex- 
tensively in distin bed aieas of 
uppci elevations on Vallecito Reset - 
von quad Densities aie generally 
III Communities have loundcd oi 
lobed foim due to clonal giowtli 
habit 

Aspen 
D 5 

239/30 

12 s Red to 
19 gy Red and 
186 gy Blue 


Vanes fiom 
blight pinkish 
led to giey-blue 
at high elevations 
whcic vernaliza- 
tion is incomplete 

Rough, rounded 
ciowns visible 



248/23 

None apply 


Bright oiange 
led, may be 
darkci 

Rough, loundcd 
ciowns visible 


FOREST 
Deciduous 
Wet Shiub 
DG 

248/23 

None apply 


Blight oiange 
led, may be 
mottled 

Ncaily smooth 

7,800 

11,900 

Category added to budge a gap 
between Alpine shiub (above tim- 
beiline) and Cottonwood Willow 
communities along nvcis below 
7,800 This cover type occuis m 
subalp me meadows, foiesl dealings, 
mesic hill sides and small flood- 
plains Can be distinguished fiom 
meadow, oak and aspen by textural 
difTeienccs 

HERBACEOUS 
N on-Agncultural 
Cultivated 

238/30 

146 d G oi bare 
soil from recent 
cultivation 

Bught deep 
green or bare 
soil brown 


Fanly smooth 

7,000 

7,500 

Occurs on Ludwig Mountain quad 
Usually limited to floodplains May 
show lecent cultivation oi low ciop 
configuration Usually lcctangulai 
fields 

Crops 
A 1 

239/48 

11 v Red or 
185 p Blue 


Eithci bright 
icd or pale 
blue (recently 
cultivated) 

Fairly smooth 


HERBACEOUS 
Non-Agricultural 
Cultivated 
Pasture 
A 2 

238/30 

146 d G 

Blight green 


Fanly smooth 

7,000- 

7,500 

Occuis on Ludwig Mountain quad 
Usually limited to floodplains 
Planted to a few species within last 
decade Imgaled by system of 
ditches 

HERBACEOUS 
N on-Agncultural 
Pasture 

238/30 

None apply 

Mottled shades 
of yellow to 
giey giccn 


Fauly smooth 

7,000- 

9,200 

Occuis on Ludwig Mountain and 
Vallecito Reseivon quads May ac- 
tually occui in any meadow up to 
and onto the tundia However, 
this covet type is tescived foi use 
on moderate to heavily glazed areas 
by virtue of pioximity to farm aieas 
and case of access for animal trans- 
port Non-cultivatcd megulai areas 
on floodplains with mottled (pale) 
color 

A 3 

239/48 

None apply 


Mottled shades 
of pinkish 
led to blue 

Fanly smooth 



248/23 

Mottled 
11 v Red to 
16 d Red or 
19 gy Red 


Mottled shades 
of bright icd to 
biown or grcy-ied 

Fanly smooth 




E Photointerpretation criteria of NASA aircraft coverage for vegetation mapping of Ludwig Mountain and Valiecito Reservoir quads, San Juan Moun- 
1x0 tains test site.— Continued 


Cover type 

Mission 

ISCC-NBS color 
for cover type, 
relatively lc> el, 
full sunlight 
conditions 

Hue and value 


Observed 

elevntinnnl 

Community description 
and remarks 

(Levels 1 Sc 2) 

/roll 

CPOS 

CIR 

Texture 

limits 

HERBACEOUS 
N on-Agricultural 
Meadow 
N 1 

238/30 

None apply 

Mottled shades 
o£ gray gieens 


Fanly smooth 

7,000- 

11,900 

Occuis on Ludwig Mountain and 
Valiecito Reservon quads, Most 
meadow aieas aie grazed domestical- 
ly to a limited extent Where 
giazmg is model ate the "meadow” 
may be classified A3 Some deal 

239/48 

None apply 


Mottled shades 
pinkish red 
to blue 

Fairly smooth 



248/23 

19 gy Red 
15 m Red 

12 s Red 

13 deep Red 
to 11 v Red 


Mottled shades 
of bright led 

Fairly smooth 


cut areas appear classed as meadows 
because o£ the dominant vegetation 
Some slnubs oi locks may mteirupt 
the heibaceous growth o£ a mead- 
ow. 

NON-VEGETATED 
Rock-Soil 
Exposed Rock 
B.l 

238/30 

29 m y Pink to 
263 White 

From reddish 
yellow pink 
to white 


Rough oi smooth 

7,000 

12,300 

Occurs on Ludwig Mountain and 
Valiecito Reservon quads. Usually 
appeals as cliff face oi undei spaise 
covei such as Prnonjunipei 

239/48 

185 p Blue to 
263 White 


Shades of blue 
to white 

Rough oi smooth 



248/23 

185 p Blue to 
263 White 


Shades of blue 
to white, may 
appear slightly 
yellow 




NON-VEGETATED 
Rock-Soil 
Exposed Soil 

IK 9 

238/30 

31 p y Pink lo 
263 White 

From pale 
yellow pink 
to white 


Fanly smooth 

7,000 

12,300 

Occuis on Ludwig Mountain and 
Valiecito Reservon quad Appears 
on floodplains, load cuts, blowouts, 
leseivon margins fleshly plowed 
fields, and between vegetation of 
spaisely vegetated covei types 


239/48 

184 v p. B to 
2G3 White 


Pale blue 
to white 

Fanly smooth 



248/23 

184 v p B to 
263 White 


Pale blue white 

Fanly smooth 



NON-VEGETATED 

Urban 

Uiban 

TT 1 

238/30 

263 White 

Roofs appeal 
white, yauls 
green 


Rough with 
linear roads 

7,000- 

7,600 

Occuis on Ludwig Mountain and 
Valiecito Rcseivoir quads Small 
< lusteis of building occm on seveial 
sites No majoi towns aie within 
these quads 

U 1 

239/48 

263 White 


Roofs appeal 
white, yards led 

Rough with 
lineal loads 



248/23 

263 White 


Roofs appear 
white, yaids led 

Rough with 
linear roads 




* Film colois somewhat gicyei than coloi chips 


Appendix A.4. Photo-Interpretation Criteria for Vegetation Mapping: Indian Peaks Test Site 


Photointerpretation criteria of NASA aircraft coverage for vegetation mapping of Ward quadrangle, Easternslope of the Front Range. 


Cover type 
(Levels 1 & 2) 

Mission 
/roll scale 

ISCC-NBC color 
for cover type, 
relatively level, 
full sunlight 
conditions 

Hue and value 
CFOS CIR 

Texture 

Observed 
elevation 
in feet 

Community description 
and remarks 

FOREST 
Coniferous 
Ponderosa Pine/ 
Douglasfir 

248/70 

0036 

1 100,000 

152 blackish G 

Blackish green 
(underexposed) 

Continuous to 
broken, smooth 
visible ciown covei 

8,800- 
8,900 
(upper 
limit foi 
associ- 
ation) 

Uppei limit in Waid quad, mcig- 
mg with hmbei and lodgcpole pine 
m subalpinc foiest Common on 
noith-facing slopes, piedommance 
of Douglasfn Many disturbed sites 
in successional stages of develop- 
ment Tices commonly less than 
50 ft 

FOREST 
Coniferous 
Spin cc-Fir 
(SF) 

C4 

248/69 
0080 
1 46,000 

21 blackish R to 
17 v d Red and 
14 v deep Red 

Discoloied led to 
blackish led 

Continuous, 
smooth, visible 
crowns 

8,800 

11,000 

Stable, matuic stands found on 
Waid quad subalpinc slopes Solid, 
dense covei, minimal visual dis- 
tui bailee fiom loads, logging and 
fire (lack of Aspen mtiusion) Trees 
to 100 feet, densely populated 
closed stands at higher elevations 
to 1 1 ,000 feet 

FOREST 

Coniferous 

Kiummholz 

(Krum) 

248/69 
0088 
1 46,000 

14 v deep Red 

Redd ish-bi own 

Clumped, discon- 
tinuous, scatteicd, 
contouied and 
stieamlined a owns 

Tieehne 
to 11,200 
Forest 
tundia 
ccotone 

Associated with foiest-tundia eco 
tone in Waid quad Found as 
isolated scrub tice islands, sites of 
snow accumulation Contouied to 
slope aspect and prevailing wind 
Common on noith-facing slopes on 
Niwot Ridge 

FOREST 
Coniferous 
Lodge Pole Pine 
C7 

248/69 
0088 
1 46,000 

17 v d Red with 
21 Blackish R 

Reddish-biown 
to daik biown 
and black 

Solid, continuous, 
smooth, visible 
ciowns 

8,500- 

9,800 

Common in subalpinc forest of 
Waid quad, often on north facing 
slopes Some mixing with Aspen 
and SpiuceFn association 

FOREST 
Deciduous- 
Coniferous 
(De-Con) 
Coniferous 
Species and 
Aspen 
M 1 

248/69 
0088 
1 46,000 

13 deep Red and 

14 v deep Red with 
17 v d Red 

Red mixed with 
reddish biown 
to daik biown 

Aspen mottled 
with lounded 
ciowns 

Scatteicd discon- 
tinuous comfcis, 
smooth covei, 
visible ciowns 

8,800- 

10,000 

Lack of extensive deciduous con if- 
eious mixing owing to infrequency 
of lecenl disluibance (fixe, cutting) 
Some lieteiogcneity at 10,000 feet 
Piedommance of Aspen at lowei 
elevations among sparse, mature 
Lodgcpole pine Successional stand- 
types mixed with shiubs in moist 
to mesic soils 



P/ioJo/nferpretafion criteria of NASA aircraft coverage for vegetation mapping of Ward quadrangle , Easterns/ope of the Front Range.— Continued 


Cover type 
(Levels 1 & 2) 

Mission 

ISCC-NBC color 
for cover type, 
relatively level, 
full sunlight 
conditions 

Hue and value 


Observed 

elevation 

Community description 
and remarks 

/roll scale 

CPOS 

CIR 

Tcvtuic 

in feet 

FOREST 

Deciduous 

(Dead) 

Cottonwood- 

Willow 

D 1 

248/69 

0088 

1*46,000 

11 v. Red 


Dark led 

Mottled stieameis, 
lounded ciowns 

8,800- 

10,800 

Found at lescrvou runoffs, (e.g 
Left Hand Reseivoir), stieam banks 
and aieas with elevated watci tables 
on Waid quad 

FOREST 

Deciduous 

Aspen 

(A) 

D 5 

248/69 

0088 

13 deep Red 


Daik red 

MotLled, continuous 
to spaise lounded 
ciowns 

8,800 

10,000 

Succcssional stands found on Waid 
quad. Vanable ecotypes, moistuie, 
mesic and di ought soil conditions, 
dense to open, spaise stands Grasses 
and shrubs form giound covei as 
well as seedlings of Lodgepole pine, 
Pondciosa pme, and Douglasfh 

HERBACEOUS 

Non-Agricultural 

Meadow 

(M) 

248/69 
0090 
I 46,000 

16 d Red to 
13 deep Red 


Light led to 
pink led 

Smooth, contin- 
uous 

8,800- 

9,600 

Succcssional ecotype usually follow- 
ing locali7cd distm bance to Waid 
quad Piostratcs, glasses, heibs form 
giound covei, invaded by Aspen 

HERBACEOUS 
Non-Agricultural 
Wet Meadow 
(Wet Mead) 

N 3 

248/69 
0090 
1 46,000 

13 deep Red and 

14 v, deep Red with 
21 blackish R 


Deep icd with 
daik blotches 


9,000 to 
tundra 

Solid plant cover on Waid quad, 
may be associated with willow-bnch 
shrub types m the vicinity of lakes 
oi high watci table Vigoious plant 
giowth, yeai-iound salination of 
loots, common in dcpiessions 


Appendix A.5. Areal Estimates by Planimetering Cover Type Maps 


for Selected 


Tundra map (portions of Ward and Monarch lake 
quadrang/esj. 


Oner type 

Code 

Km 2 

mi 2 

Acres 

Moist tundra 

1A 

4 45 

191 

1,223 


IB 

5 59 

216 

1,385 


1C 

5 27 

204 

1,302 

Total 


15 31 

611 

3,910 

Diy tundra 

2 

6 26 

242 

1,548 

Willow 

3A 

4 56 

176 

1,126 


3B 

3 94 

152 

973 


3C 

2 40 

0 93 

594 

Total 


10 90 

4 21 

2,693 

Krummholz 

4 

S 27 

3 19 

2,041 

Wet meadow 

5 

8 25 

318 

2,035 

•Water 

6 

2 54 

0 98 

627 

Snowbank 

7 

4 73 

183 

1,170 

Baie lock 

3A 

19 00 

7 33 

4,685 


8B 

1165 

4 50 

2,878 

Total 


30 65 

1183 

7,563 

Deciduous 

9 

384 

148 

948 

Coniferous 

10 

5170 

19 97 

12,780 

Meadow 

11 

0 79 

0 30 

195 


Neder/and quadrang/e (only that portion in 
Colorado). 

fiou/der. 

Cover type 

Km2 

mi 2 

Acres 

Coniferous 

13 63 

5 26 

3,365 

Deciduous 

37 

014 

90 

Deciduous coniferous 

20 99 

8 10 

5,185 

Non-agricultural 

1216 

4 69 

3,050 

Tundra 

2 97 

1 15 

736 

Water 

13 

0 05 

32 

Rock-soil 

.15 

0 06 

38 

Urban 

179 

069 

442 


Tungsten quadrang/e (only that portion 
Colorado). 

in Boulder, 

Cover type 

Km 2 

mi 2 

Acres 

Coniferous 

3161 

12 20 

7,810 

Deciduous 

142 

0 55 

352 

Deciduous coniferous 

11 07 

4 27 

2,730 

Non-agricultural 

619 

2 39 

1,529 

Water 

91 

0 35 

224 

Rock soil 

65 

0 25 

159 

Urban 

.22 

0 08 

51 


Quadrangles 


Go/d Hi7i quadrang/e. 


Cover type 

Km 2 

mi 2 

Acres 

Coniferous 

97.70 

37 71 

24,150 

Deciduous 

706 

2 73 

1,748 

D eciduous-comfeious 

2154 

8 31 

5320 

Non agricultural 

17 75 

6 85 

4,380 

Water 

0 28 

.11 

70 

Rock soil 

0 28 

11 

70 

Uiban 

0 61 

24 

154 


Lyons quadrangle ( Boulder , Co/oradoJ. 


Cover type 

Km 2 

mi 2 

Acres 

Coniferous 

83 55 

32 28 

20,650 

Deciduous 

4 85 

187 

1,198 

Deciduous coniferous 

13 09 

5 03 

3,221 

Non-agricultural 

5065 

19 58 

12,520 

Water 

068 

026 

168 

Rock soil 

0 78 

0 30 

194 

Urban 

0 73 

0 28 

180 


Ludwig Mountain quadrangle. 


Cover type 

Square mile 

Acres 

Coniferous 

26 37 

16,777 

Deciduous 

7 25 

4,640 

Deciduous conifeious 

16 80 

10,752 

Non-agricultuial 

3 26 

2,086 

Agncultuial 

6 23 

3,987 

Rock and soil 

0 01 

6 

Water 

0 06 

36 

Urban 

0 00 

0 


Va//ecifo Reservoir (only that portion 

on printout). 

Cover type 

Square mile 

Acres 

Coniferous 

13 80 

8,832 

Deciduous 

8 37 

5,357 

Deciduous conifeious 

5 51 

3,526 

Non-agricultural 

0 89 

570 

Agricultural 

067 

429 

Rock and soil 

012 

77 

Water 

3 97 

2,541 

Uiban 

013 

83 
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Handies peak guac/rang/e. 


Cover type 

Km 2 

mi2 

Acres 

Coniferous 

12 53 

484 

3,095 

Deciduous 

2120 

818 

5,240 

Deciduous coniferous 

2 38 

092 

588 

Non-agricultural 

1 88 

072 

461 

Tundra 

61 85 

23 90 

15,300 

Water 

017 

0 07 

4 

Rock-soil 

53 15 

20 60 

13,180 

Urban 

019 

0 08 

5 


Hermosa quadrang/e. 


Cover type 

Km 2 

mi2 

Acres 

Coniferous 

83 10 

3210 

20,560 

Deciduous 

34 90 

13 50 

8,640 

Deciduous coniferous 

16 31 

6 30 

4,030 

Agricultural 

056 

022 

141 

Non agncultural (grazed) 

1449 

5 58 

3,575 

Watei 

0 36 

014 

89 

Rock-soil 

3 52 

1 36 

870 

Urban 

0 25 

010 

64 


Durango East quadrangle . 


Covei type 

Km 2 

mi2 

Acres 

Coniferous 

55 80 

2140 

13,695 

Deciduous 

28 41 

10 98 

7,020 

Deciduous-comfeious 

9 86 

3 81 

2,440 

Non-agncultural 

18 05 

6 97 

4,460 

Agncul tuial 

1 14 

044 

281 

Non-vegetated 

2 29 

0 88 

566 

Water 

0 29 

Oil 

71 

Urban 

3 74 

144 

924 


APPENDIX C 


The following material is directly related to the 
Geomorphological Features Survey. This information 
is not presented in the mam text either because of 
its repetitive nature or ancillary importance. 

Abstiacts of three papers presented by LARS staff 
during the course of this research project are lepro- 
duced on the following pages Complete texts foi these 


papers have been presented with prior reports and 
so are not reproduced heie 

A detailed discussion of INSTAAR field efforts re- 
lating to the Geomorphological Features Survey tasks 
aie presented to give the inteiested reader a feeling 
for the complexity of the test sites being evaluated 
Because of its nature, this material is £>re$ented as an 
appendix rather than as part of the text 


Appendix C.l. Recognition of Surface Lithologic and Topographic 
Patterns in Southwest Colorado with ADP Techniques (Abstract) 


Analysis of ERTS-1 multispectral data by automatic 
pattern recognition procedures is applicable toward 
grappling with current and future resource stresses by 
providing a means for refining existing geologic maps. 
The procedures used in the current analysis already 
yield encouraging results toward the eventual machine 
recognition of extensive surface lithologic and topo- 
graphic patterns Automatic mapping of a series of 


hogbacks, strike valleys, and alluvial surfaces along the 
northwest flank of the San Juan Basin in Colorado can 
be obtained by minimal man-machine interaction 
The determination of causes for separable spectral 
signatures is dependent upon extensive correlation of 
micro- and macro-field based ground truth observa- 
tions and aircraft underflight data with the satellite 
data 
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Appendix C2, Evolution of the Upper Colorado River as 
Interpreted from ERTS-1 MSS Imagery (Abstract) 


Manual in teipretati on of ERTS-1 MSS imagery pro- 
vides a synoptic basis foi recognition of anomalous 
drainage patterns m and legions in west-central 
Coloiado These patterns suggest that numeious di- 
veisions of the Colorado Rivei System acioss the Un- 
compahgie Plateau occurred in pre-Pleistocene time 
Certain topogiaphic chaiacteiistics, common to aseiies 
of stieam channels traversing the plateau, indicate 
that many piesent-day valleys were formally occupied 
by a through-flowing major stieam 

Geomorphic inference, based on channel chaiacter- 
istics, legional structure, and physiographic 1 elation- 
ships as interpreted fiom ERTS-1 lmageiy, suggests 
that piior to the San Juan Mountain and West Elk 
Mountain volcanic episodes, the Colorado River Sys- 
tem flowed southwaid along the approximate western 
edge of the piesent mountains Orogenic uplift com- 
bined with aggradation of volcanic sediments and 


flows initiated a sequence of westwaid diveisions by 
blockage of the foimer southward flowing stream The 
Colorado River then migrated across the surface of 
the Uncompahgre legion through a series of litholo- 
gically and joint conuolled captures 

This piocess appears to have been repeated at 
several places until the master stream reached present 
Unaweep Canyon Structural evidence suggests that 
uplift of the Uncompahgie Plateau commenced at 
this time The subsequent history of cliveision and 
captuie of the Colorado River and its tributaries oc- 
curred as outlined in the literature 
The synoptic view piovided by ERTS-1 MSS 
imagery demonstrates how a new perspective of the 
evolution of surface featuies may be obtained This 
new perspective in a legional framewoik impioves 
our understanding of geologic piocesses and our map- 
ping capabilities of many important surface featuies 


Appendix C,3. Applications of Machine Processed ERTS-1 Data Jo 
Regional Land Use Inventories in Western Colorado (Abstract) 


The Eaith Resources Technology Satellite (ERTS- 
1) piovides timely, good quality data which can be 
beneficial to regional land use and resource inventory 
assessment Analysis of sequential data sets by nominal 
photomteipretive techniques is time-consummg and 
limited by the ability of the human interpretation 
system Computer processing techniques for analyzing 
multispectral scanner data have been developed at 
Purdue University by the Laboratory for Applica- 
tions of Remote Sensing (LARS) to facilitate han- 
dling of large amounts of remote sensor information 
A study aiea, located near Grand Junction in west- 
cential Colorado, is well suited for testing the capabil- 
ities of computer techniques to peifoim resource in- 
ventories at legional scales, and to piesent these data 
in foims compatible with management requnements 
The ERTS-1 data set collected 27 September 1972 is 
nearly cloud-fiee and includes a laige number of dis- 
tinctive natural patterns that aie economically signifi- 
cant Results indicate good capability for specially 
differentiating zones of vanous natuially occurnng 
vegetational assemblages fiom the computer compat- 
ible data tapes Gultiual patterns, both uiban and 
agricultural, can be identified on the multispectial 


data The acieage of nrigated lands can be deter- 
mined Data from the near mfraied channels of the 
scannei are useful in identifying and mapping the ex- 
tent of surface water available for the area In arid 
or semi-and environments the success of this latter 
capability can be an important factor in influencing 
land use and management patterns 
After classification, information derived from the 
multispectial data can be displayed as computer pnnt- 
out comparable m scale to 7 1 / 2 ' U S G S topographic 
quadrangles, as a black and white image, or as a 
color-coded image In addition to map output, infor- 
mation regai ding areal extent of the various cover 
classifications may be obtained in tabular or graphic 
form, with the output then converted to acreage* 
Analysis of satellite data with ADP techniques of- 
feis land manageis or planneis rapid access to data 
output It is anticipated that as our ability to inter- 
pret these data improves, our understanding of sys- 
tems lequiied to define resource needs is also en- 
hanced, and man will be able to better utilize this 
infoimation in the development of regional land use 
inventory models 
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Appendix C.4. Geomorphologic Features for the San Juan Mountains 


Area (km 2 ), percent of area covered and number of features for the Son Juan Mountain, Colorado, based 
on the 11 1:24,000 quads of Figure C. 15. 




Avalanche 

chutes 

Percent 

Bedrock 

Percent 

Cirques 

Percent 

Porest 

Percent 

Rock 

glacier 

Percent 

1 

Gray Head 

713 

.0048 

39 805 

26% 

none 

— 

63 531 

42% 

none 



9 

Howardsville 

5 92 

0398 

76 45 

51% 

22 80 

15% 

1454 

.0979 

206 

0138 

3 

Ironton 

5 29 

0356 

3158 

21% 

8 01 

0539 

32 13 

21% 

3 83 

.0257 

4 

Little Squaw Creek 

2 20 

0148 

5120 

34% 

5 00 

0336 

8463 

57% 

0793 

0005 

5 

Red Cloud Peak 

10 82 

0728 

18 60 

12% 

20 32 

13% 

35 80 

24% 

4 28 

0288 

6 

Rio Grande Pyramid 

1547 

0104 

64 994 

33% 

11837 

0797 

46 4 

' 31% 

637 

0042 

7 

Silvcrton 

9 08 

0611 

2952 

19% 

14 04 

0945 

50 75 

34% 

2 55 

0171 

/ 8 

Snowden Peak 

5 658 

0381 

30 93 

21% 

7 00 

0471 

51716 

35% 

107 

0072 

9 

Storm King 

3 277 

0220 

75 42 

50% 

28 0481 

18% 

28 82 

19% 

212 

0142 

10 

Tellunde 

3 26 

.0219 

28 76 

19% 

21 68 

14% 

56 58 

38% 

7 24 

0487 

11 

Wemmuche Pass 

4 381 

0295 

59 325 

39% 

6 513 

0438 

43 028 

29% 

301 

0020 


Areas (km 11 ), percent of area covered and number of feafures for the San Juan Mountain, Co/orado, 
on the 7 7 1:24,000 quads of Figure C, 15. 

based 



Old rock 






Active 




glacier 

Percent Snowficlds Percent 

Moraines Percent 

Lakes 

Percent 

scree 

Percent 

1 

Gray Head 

none 

— none 

— 

none — 

124 

0007 

4467 

0300 

2 

Howardsville 

72 

.0048 1 25 

0102 

03 .0002 

47 

0031 

38 22 

26% 

3 

Ironton 

none 

- 22 

0014 

none — 

26 

0017 

39 89 

27% 

4 

Little Squaw Creek 

026 

0001 0614 

0041 

none — 

768 

0081 

19 33 

13% 

5 

Red Squaw Creek 

93 

0062 none 

— 

none — 

05 

0003 

73 85 

49% 

6 

Rio Grande Pyramid 

494 

0033 083 

0005 

none — 

679 

0045 

19433 

13% 

7 

Silverton 

319 

0021 1 19 

0080 

none — 

056 

0003 

2549 

17% 

8 

Snowden Peak 

0 

- 435 

0029 

none — 

648 

0043 

2066 

14% 

9 

Storm King 

200 

0013 3 55 

0239 

169 

1 34 

0090 

32 95 

22% 

10 

Tellunde 

301 

0020 6 

0040 

none — 

67 

0045 

41 65 

28% 

11 

Wemmuche Pass 

none 

— none 

— 

011 000074 

4192 

0282 

13230 

.0890 



Inactive 


Alluvial 


No of 

No. o£ 

No. 

of snow 



scree 

Percent 

deposits 

Percent 

cirques 

rock glaciers patches 

1 

Gray Head 

30290 

20% 

1901 

0128 








2 

Howardsville 

63 

.0042 

3 76 

0253 

35 

16 


21 

3 

Iionton 

20 99 

14% 

161 

0108 

26 

15 


5 

4 

Little Squaw Creek 

2 25 

0151 

2 476 

0166 

11 

2 


2 

5 

Red Cloud Creek 

none 

— 

5 26 

0354 

34 

23 




6 

Rio Crande Pyramid 

5 615 

0378 

894 

0060 

14 

4 


2 

7 

Silverton 

24 85 

16% 

427 

0287 

34 

15 


12 

8 

Snowden Peak 

9805 

0066 

986 

0066 

32 

10 


6 

9 

Storm King 

0 

— 

4 967 

0334 

48 

18 


23 

10 

Tellunde 

14 30 

0962 

3 93 

0264 

35 

32 


7 

11 

Wemmuche Pass 

12105 

0315 

7 064 

0475 

13 

3 


— 


118 


OF 


POOR QUALltSI 



Appendix C.5. Re-Interpretation of the Howardsville and Telluride 
Quadrangles Using NASA Underflight Photography 


The Howardsville and Telluride quadrangles were 
selected from those listed in Appendix C.4 since 
good, cloud-free underflight coverage was available 
for these areas from Mission 213 (Roll 59: frames 
44-49; 60-65; 91-96) and Mission 247 (Roll 11: frames 
35-38; 61-66; 127-130; 168-171). The original mapping 
of geomorphic features on these quadrangles (Figure 
C.16.) Figure C.18. was based on Forest Service air 
photographs on a scale of approximately 1:15,000 
and served as a guide to the work described in this 
section. The area occupied by the Howardsville quad- 
rangle lies mainly above timberline, and has been 
glaciated at least once. The geomorphic features classi- 
fication (table below) consists, therefore, of spec- 
trally distinctive features which are normally associ- 
ated with mountain glaciation. Discussion in the main 
body of text, Section C, indicated that these features 
typify much of the San Juan Mountain Test Site. This 
implies that the Howardsville classification is appli- 
cable to adjacent quadrangles. 

Geomorphic boundaries were defined first on the 
U.S.G.S. quadrangle at a scale of 1:24,000. Subse- 
quently, a mylar overlay was prepared. 

The nomenclature used in the table is genetic in 
most cases. It has been used primarily for the sake 
of brevity and serves to convey an impression of as- 
semblages of features in the study area (see next page). 
The categories are visually separable on the basis 
of color and texture. For example, individual areas 
assigned to categories 3, 6, 9 and 10 are relatively 
uniform internally, whereas areas in 1, 2B, 6A, 8A and 
8B have distinctive mottled or speckled textures that 
derive from internal diversity, the components of 
which are probably not resolvable by ERTS-1 sensors. 


A guide to surface texture is provided in the table. 

The wide variation in both slope aspect and slope 
declivity in the Howardsville area causes complex 
patterns of light and shadow which produce variations 
in spectral response within each category. The prin- 
cipal shadow areas under illumination from the south- 
east are indicated on the appendix figure. Spectral vari- 
ation between areas in a given category is greatest 
for categories which are largely unvegetated, especial- 
ly 1, 2A, 2B, 3, 6A, 5 and 7A. 

The Telluride quadrangle (scale 1:24,000) was also 
remapped using NASA aircraft color infrared films. 
The original geomorphological map was prepared 
several years ago. The greater resolution of the NASA 
coverage, and the color and false color photography 
allows greater discrimination of surface features even 
though this photography is on a smaller scale (ap- 
proximately 1:30,000) than the black and white U. S. 
Forest Sen ice coverage (approximately 1:15,000). For 
these reasons and the fact that the NASA-PY Project 
(NASA Grant No. NGL-06-003-200) is currently in- 
volved in supplying environmental information to the 
town of Telluride, it was decided to remap this quad- 
rangle with superior imagery. 

Certain problems are apparent in using NASA 
imagery; however, the imagery is vastly superior to 
U. S. Forest Service black and white photography. 
One handicap is that color infrared film does not lend 
itself to mapping geological units as easily as true 
color photography, and the true color imagery of the 
San Juans is on a much smaller scale than the color 
infrared imagery. Secondly, much of the imagery was 
shot when the sun was at a low angle; consequently, 
many areas cannot be mapped as they are in shadow. 


Description of geomorphic characteristics by category and textural qualities, as derived through 
interpretation of NASA underflight photography. 

Category 

number 

Description 

Textural 

comments 

1 

Alluvial “plains,” includes braided Channels 

Speckled 

2A 

Dissected bedrock (Andesitic) 

Uniform / speckled 

2B 

Dissected bedrock (Schistose and allied types) 

Speckled /striped 

3 

Colluvium 

Uniform 

4 

Coniferous forest (Undifferentiated) 

Speckled/ uniform 

5 

Lakes ponds 

Uniform 

6A 

Rock glaciers, assumed to be currently “active” 

Banded 

6B 

Rock glaciers, assumed to be currently “stable” 

Mottled /banded 

7A 

Scree, currently active 

Uniform/speckled 

7B 

Scree, currently stable 

Uniform /mottled 

8A 

Till-mantled bedrock, till predominating 

Mottled 

8B 

Till mantled bedrock, bedrock predominating 

Mottled/striped 

9 

Wet meadow and marsh 

Uniform 

10 

Snowbanks 

Uniform 

11 

Shadow 

Uniform 


• 4 ? 



Appendix C.5 Figure. Geomorphic 
NASA underflight photography. 


characteristics for Howardsville quad derived through interpretation 


of 
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Appendix C.6. Geomorphic Classification of the Indian Peaks Test Site 


I 


The test site covers the western two-thirds of the 
Ward quadrangle and the eastern quarter of the Mon- 
arch Lake quadrangle. The Indian Peaks Test Site was 
selected as an alternate site based on the extensive 
field research carried out in this alpine area by IN- 
STAAR over the past few years. 

NASA Mission 248 (Roll fi8, CIR, Frames 88-90) 
served as a base for the geomorphic mapping. Boun- 
daries were delimited first on a plastic sheet fastened 
over the CIR frames and were later transferred to 
U.S.G.S. 1:24,000 quadrangles with a Bausch &: Lomb 
Zoom Transfer Scope. A mylar overlay was produced 
from this base map. 

The categories shown in Appendix C.5. Figure are 
indexed in the table below. Only a few of the cate- 
gories recognized in the Howardsville area could be 
defined adequately in the Indian Peaks Test Site. This 
may reflect differences in the extent and intensity of 
glaciation between the two areas. 

Work was discontinued on the Howardsville and 
Telluride quadrangles when it became apparent that 
geometrically-corrected gray-scale printout would not 


be available for these areas. Non-geometrically cor- 
rected printout from ERTS Frame 1047-17200 (Bands 
2, 3, and 4) was examined for the Howardsville area. 
Attempts to correlate the gray-scale printout with the 
geomorphic overlay map were severely hampered by 
scale changes across the printout and by the presence 
of cloud and cloud shadow areas. 

The table indicates that overlap exists between the 
geomorphic mapping and the tundra vegetation map- 
ping categories. The wet-, dry-, and bare-tundra boun- 
daries on Appendix G.6 Figure were derived independ- 
ently, however, and therefore provide some measure 
of the operator variation to be expected in this type 
of work (compare C.5 and C.fi). The comments con- 
cerning topographic shadow are applicable to the 
Indiana Peaks Test Site. Categories 1 and 2 have 
a wide range of spectral reflectance. In most cases, 
this cannot be attributed to differences in rock com- 
position and weathering. The patterned ground 
category is defined almost totally on the basis of tex- 
ture, since the color of vegetated ‘‘stripes" in this cate- 
gory differs only slightly from that of dry tundra. 


Index to geomorphic features in the Indian Peaks test site. 


Category 

number 

Description 

Textural 

comments 

1 

Talus slopes and rock glaciers 

U n i form / spec k led 

2 

Bedrock faces (undifferentiated) 

Dissected 

3 

Glacially-scoured valley floors (principally granite-gneiss- 



partially vegetated) 

Banded 

4 

Patterned ground (extensive areas on alpine interfluves) 

Striped 

5 

Moist tundra (includes wet meadow) 

Uniform 

6 

Dry tundra interfluves (some patterned ground) 

Mottled 

7 

Bare tundra interfluves (principally regolith) 

Mottled 

8 

Forest-tundra ecotone region 

Speckled 

9 

Forest (undifferentiated) 

Mottled /uniform 

10 

Snowbanks 

Uniform 

11 

Lakes and ponds 

Uniform 

12 

Shadow 

Uniform 


I 
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